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D E D IC A T E D  TO M Y  PA R E N TS
Attempts to characterise the growth conditions for Thelephora terrestris 
and Laccaria laccata were made, temperature,pH and medium composition 
were optimised.
Both fungi were grown in submerged batch culture under carbon, nitrogen 
and phosphate limited conditions, and Laccaria laccata was also grown in 
continuous systems. The specific growth rates of Laccaria laccata and 
Thelephora terrestris were lower than those determined for most other 
filamentous fungi but the- yield and maintenance characteristics were 
comparable with other species.
The growth morphology of the fungi in submerged culture varied from 
filamentous to pelleted types, depending on the species and conditions 
used. With Laccaria laccata a morphologically stable "floccular" growth 
form was observed.
The infectivity of the CSTR grown cultures of Laccaria laccata and 
Thelephora terrestris to the conifer Picea sitchensis was determined.
It was established that with both species the percentage of mycorrhizal 
short roots formed within the first six months was directly dependent 
upon the inoculum density (measured in terms of colony forming units).
Pot trials revealed that approximately 100 colony forming units of each 
fungus were necessary to produce 90% infection of the root system. When 
environmental and/or soil conditions were adverse, increased levels of 
inoculum were required to produce adequate infection.
Dry weight increase was observed in all of the inoculated treatments, 
however, the growth stimulation was reduced when excessive amounts of 
inocuLx u;ere used. Reasonsfor this observation are discussed.
The production of vegetative inoculum was successfully scaled up to the 
200 litre level using a modified batch culture system. Each litre of 
inoculum was sufficient to inoculate approximately 500, 2 month old 
seedlings of Picea sitchensis.
Two small scale field trials of the inocula were undertaken.
The mycelial inoculum was formulated by immobilisation into alginate 
gel. The viability of the mycelium during and after immobilisation was 
dependant upon the morphology, growth phase, and nutrient status of the 
cells, together with the water content and storage temperature of the 
prepared gel. These parameters were optimised to the extent that 100% 
viability was maintained for 3 months.
Half saturationconstantsKs) were determined for Thelephora terrestris 
and Laccaria laccata grown under glucose and phosphate limited conditions. 
The Ks values for glucose were high with both organisms, whilst the 
values for phosphate were found to be very low. These results indicate 
that these organisms have a low affinity to glucose but a high affinity 
to phosphate. The implication of this to the mycorrhizal symbiosis 
is discussed.
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CHAPTER 1. fiENERAL INTRODUCTION
r-tycorrhizae are physically very intimate associations between the roots of 
plants and various groups of fungi. In this way, the literal translation of 
the word mycorrhiza - fungus root - actually describes the relationship very 
well.
TYPES OF MYCORRHIZAL:ASSOCIATION
:A number of different types of mycorrhiza are known and these have been 
classified according to gross morphology (Peyronel £t al.. 1969) and their 
nutritional characteristics (Lewis, 1973).
In ectomycorrhizae the absorbing short roots of the plant are covered with a 
weft of fungal hyphae. This covering is usually termed the sheath. Hyphae 
from the sheath penetrate, mainly it appears by physical pressure, through 
the root surface and ramify between (but not into) the cortical cells to 
form a structure known as the Hartig net. In addition, hyphae and/or 
mycelial cords radiate out from the root surface into the surrounding soil.
In endomycorrhizae the fungal hyphae penetrate the cortical cells as well as 
growing between them, although in contrast to the ectomycorrhizae there is 
no highly developed sheath of fungal material formed at the root surface. 
The endomycorrhizae have been further sub-divided into vesicular-arbuscular 
types which have a biotrophic mode of nutrition and orchidaceous and 
ericaceous types which are generally necrotrophic.
: About 95% of all vascular plant species are mycorrhizal (Trappe, 1977) and, 
although only about 5% are ectomycorrhizal, this includes most important 
forest trees and ornamentals.
BENEFICIAL FUNCTIONS OF MYCORRHIZAE
It is probable that the greatest benefit to the host plant of the symbiosis 
is the ability of mycorrhizae to increase nutrient uptake from the soil, 
e.g. early work by Hatch (1937) revealed that mycorrhizal pine seedlings 
contained significantly greater amounts of nitrogen, potassium and 
especially phosphorus, than non-mycorrhizal seedlings.
Other probable benefits of the mycorrhizal relationship include
a) Protection against root pathogens. :A number of reports have been 
published which demonstrate that mycorrhizal roots having a greater 
resistance to infection than non-mycorrhizal roots (Levisohn, 1954; Marx 
and Bryan, 1971 >. The mechanism of this protective effect is not 
fully understood, although it has been suggested that it may be physical 
protection of the root by the fungal sheath and/or the utilization of 
surplus carbohydrate by the fungal hyphae (Zak, 1964). Similarly, Marx 
(197*5) has found that some ectomycorrhizal fungi produce antibiotic 
metabolites.
b) Mycorrhizal plants are known to be more resistant to drought and frost 
(Reid and Bcwen, 1979) and temperature extremes (Marx and Bryan, 1971).
c) Some mycorrhizal associations appear to show increased resistance to 
high levels of toxic substances (Benson ££ al.» 
1980).
Overall, the benefits of the mycorrhizal association are generally expressed 
by the host plants growing faster and generally being more healthy than 
similar uninfected specimens. There is a wealth of reports which 
demonstrate this “mycorrhizal effect".
The above outlines the benefit of both ecto- and endomycorrhizal symbioses. 
However, unless mentioned otherwise, the rest of this project is concerned 
with ectcmycorrhizae only.
2
THE USE QF ECTOMYCORRHIZAL FUNGI IN COMMERCIAL FORESTRY
From the above discussion, it is clear that the ectomycorrhizal relationship 
is a very desirable one and, indeed, is essential to the healthy grov/th of 
the tree.
In established forest areas the presence of a large indigenous population of 
ectomycorrhizal fungi results in all of the trees being fully infected. In 
these circumstances, young seedlings lying in close proximity to mature 
trees quickly become mycorrhizal, either by infection from soil propagules 
or by contact with other infected root systems or both.
However, in areas which are devoid of forest for some time, the soil 
population of ectomycorrhizal fungi decreases markedly (Eaath, 1980), with 
re-colonization only occurring by airborne propagules. If non-mycorrhizal 
seedlings are planted in such an environment, infection of the root system 
will be slow and sporadic, usually resulting in poor establishment and slow 
growth (Trappe and Strand, 1969).
i
Similarly, where attempts are made to introduce an exotic tree species into 
a particular area, problems of slow grov/th and poor establishment are 
frequently encountered. Such instances have occurred in:Australia, Puerto 
Rico and South:America (Mikola, 1973). Often, improvement in irrigation and 
cultivation techniques, as well as increased use of fertilizer, has failed 
to improve the growth of the trees. However, when soil from a site 
indigenous to the tree was introduced, grov/th rate was markedly improved. 
Subsequent analysis of the seedlings revealed that the only observable 
difference was the increased development of ectomycorrhizae on the treated 
trees. More conclusive evidence of the necessity of mycorrhiza formation in 
areas where exotic trees are planted comes from Hatch (1937) and Hacskaylo 
(1973) who used pure cultures of ectomycorrhizal fungi to inoculate trees 
which had similar problems of establishment. In each case the grov/th rate 
of the inoculated trees was significantly improved.
Thus, in cases such as mentioned above, the artificial inoculation of 
seedlings, preferably prior to out-planting, is clearly not only desirable, 
but essential to the rapid and full establishment of healthy trees. 
However, it is not only in these rather exceptional circumstances that 
inoculation is desirable. In many cases the production of seedlings for
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out-planting could be improved to the extent that the cost of inoculation is 
fully justified.
Fig. I shows inoculation is desirable in three out of the four possible sets 
of circumstances. Indeed, inoculation provides a method of ensuring that 
optimum mycorrhiza development occurs.
TOE COMMERCIAL PRODUCTION OF ECTOMYCORRHIZAL INOCULA
Generally, the limiting step to initiation of ectomycorrhizal inoculation 
programmes has been the severe lack of large quantities of inoculum. The 
difficulties encountered in producing inocula on a large scale have stemmed 
from:-
a) The inherent slow growth of ectomycorrhizal fungi, where even the
rapidly growing species are slow compared to most industrially used 
organisms. This, together with the filamentous nature and physical 
delicacy of the organisms has made their insertion into existing 
methods for microbial biomass production very problematic.
b) :A lack of knowledge of the infectivity characteristics of
ectomycorrhizal fungi, especially with regard to the quantity of 
inoculum necessary to produce adequate infection.
c) A shortage of knowledge on how the mycelial particles may be formulated 
in the most effective way. The peat vermiculite PVM (see later) 
formulation has proven to be successful on a laboratory scale, but 
attempts to "scale-up" the process to a commercial level using PVM have 
been fraught with problems.
AIMS OF TOIS PROJECT
1. Laboratory studies aimed at optimising culture constituents and physical 
conditions for growth of selected ectomycorrhizal fungi.
2. Selection of two species for a more comprehensive investigation of 
submerged culture physiology.
5 S '
3. Development of fermentation process for the production of 
ectomycorrhizal mycelia, and scale-up of this process to pilot plant 
level.
4. Investigation of fungal infectivity when inoculated onto Picea 
sitchensis.
5. The formulation of pre-grown fungal mycelia onto a solid substrate 
suitable as an inoculant.
6. Field trials of inoculum.
7. Investigations into possible correlation between the physiology of the 
ectornycorrhizal fungi and their effectiveness as mycorrhizal symbionts.
&
PART A
GROWTH PHYSIOLOGY OF ECTOMYCORRHIZAL FUNGI
CHAPTER 2. INTRODUCTION
a) NUTRITIONAL STUDIES
A knowledge of the "in vitro" growth and nutritional characteristics of 
ectomycorrhizal fungi is of interest to all mycorrhizal workers, in trying 
to understand the mycorrhizal symbiosis as a whole, or more simply, from the 
aspect of optimising cultural conditions so that these fungi may be 
cultivated easily, quickly, and in large quantities. Moreover, the slow 
growth demonstrated by most of these fungi "in vitro", compared to most 
saprophytic species, may merely reflect inadequate culture conditions and, 
thus, the potential for improvement is great.
I CARBON NUTRITION
From early work, it became apparent that ectomycorrhizal fungi showed best 
growth when simple soluble sugars, such as glucose and fructose, were the 
carbon and energy source, and, with few exceptions,e.g., Tricholoma fumosum 
(Norkrans, 1950) could not utilise more complex substrates such as cellulose 
and lignin (Melin, 1925; Norkrans, 1950). This is in marked contrast to 
most soil inhabiting fungi.
Palmer and Hacskaylo (1970) and Lamb (1974) carried out more comprehensive 
experiments, screening a great many carbon sources with a variety of 
ectomycorrhizal fungi. Their results may be summarised as follows:
a) 3-, 4-, and 5- carbon carbohydrates, as well as non-carbohydrate carbon
sources were utilised very poorly by all isolates tested.
b) The hexoses, glucose, mannose and fructose were utiliseG well by all
isolates. The disaccharide cellobiose was also assimilated efficiently, 
except by members of the genus Boletus.
c) Utilisation cf starch was variable depending on the isolate, but was
never as good as glucose. Cellulose was not assimilated by any isolate.
d) Pectinolytic ability of the fungi was consistently goou except for the
Boletus spp. which demonstrated only slight activity.
e) Sucrose was utilised only sparingly by all of the the fungi in the study 
of Palmer and Hacskaylo (1970), but tended to give a better response in 
the experiments of Lamb (1974).
This very variable ability to grow even moderately well on sucrose is 
interesting as, quantitatively, sucrose makes up the majority of the sugar 
in plant photosynthate (the ecological source of carbon and energy for 
ectomycorrhizal fungi) and, moreover, ectomycorrhizal roots have been shown 
to be able to hydrolyse sucrose to glucose and fructose (Lewis and Harley, 
1965). Hence, it would seem to be logical for utilisation of sucrose "in 
vitro1 to be very good. This apparent anomaly still needs to be resolved.
II NITROGEN NUTRITION
Almost all mycorrhizal fungi that have been studied in pure culture are able 
to use ammonium nitrogen as their sole nitrogen source (Norkrans, 1950; 
Lundeberg, 1970) and this is likely to be the most abundant and readily 
available form of nitrogen in forest soils.
Utilisation of nitrate, the other major inorganic source of nitrogen, 
especially in fertilised soils, is more variable. Ho and Trappe (1980) 
found that only two out of eight of the fungi they tested produced 
nitrate reductase necessary for nitrate assimilation. Norkrans (1950) 
similarly found poor utilisation of nitrate. In contrast, many of the 
isolates studied by Lundeberg (1970) assimilated nitrate and ammonium 
equally well. Interestingly, Pisolithus tinctorius falls into this latter 
category (Smith, 1982).
'With regard to organic nitrogen sources, there is a growing amount of 
evidence which suggests that various amino acids, (notably glutamic acid 
and asparagine) either singly, or in mixed hydrolysates, markedly stimulate 
the growth of many ectomycorrhizal fungi in pure culture (Melin, 1963; 
Laiho, 1970 Peeler and Mullins, 1982).
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Ill GROWTH FACTORS AND EXUDATES
There appear to be a number of factors, as yet unidentified, which markedly 
stimulate the growth of ectomycorrhizal fungi in pure culture.
Exudates from attached;and extracts from excised roots have consistently 
stimulated fungal growth when incorporated into culture media (Melin, 1925; 
Melin and Das 1954; Bowen and Theodorou, /57g). Moreover, stimulation of 
growth still occurs when the qualitive acLtifciovt of carbon and nitrogen 
sources in the exudate are accounted for. Thus it appears that growth 
stimulation is imparted by either minor nutrients or perhaps some hormonal 
growth factors.
These growth substances have been termed "M-factors" and, surprisingly, are 
not confined to the host trees. Exudates of tomato plants have the same 
stimulating effect (Melin, 1954) indicating a non-specificity of action.
As mentioned above, despite much research, the identity of the M-factors is 
still unknown and this has perhaps led to the widely held belief that the M- 
factor is not a single entity, but a delicate balance of nutrients, 
especially amino acids (Bowen and Theoaorou, 1973).
i
Consequently, it is perhaps not surprising that many plant extracts, such as 
malt extract (Smith, 1982), and potato extract (Beever and Bollard, 1970) 
stimulate the "in vitro growth" of ectomycorrhizal fungi over and above that 
which is related to quantitative addition of carbon or nitrogen source.
IV TEMPERATURE
From available information, it is clear that the temperature optimum for 
growth of most ectomycorrhizal fungi lies between 20 and 25°C (Bowen and 
Theordorou, 1973; Laiho, 1970; Marx et ajL., 1970). Notably, it has been 
found that the rate and degree of infection of pine seedlings is markedly 
affected by the temperature of the soil (Marx et al., 1970). Marx suggested 
that this was probably due to the temperature affecting the growth rate of 
the fungal propagules. Consequently, it is important that when an organism 
is considered for large-scale inoculation, not only should its optimum 
growth temperature be assessed, but also the range of temperature in
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which it grows. Thus, a species which grows well over a wide temperature 
range will be more suitable for widespread inoculation where the temperature 
of different soils may vary considerably.
The importance of investigating growth over a wide range of temperature was 
demonstrated by Hung ana Chien (1978) who found that, although the 
temperature optimum for Pisolithus tinctorius was 28°C its growth rate 
decreased significantly below this, so that at 20°C it was growing at only 
one third of its maximum rate. However, it maintains good growth at 
temperatures as high as 36°C. In contrast, Suillus bovinus had a high 
growth rate between 20 and 28°C, but this decreased drastically above and 
below this range. Thus, it would appear that P. tinctorius is an ideal 
choice as an inoculant in areas where the soil temperature is likely to be 
in the range 28°C to 36°C for significant periods, but it would probably 
perform poorly in regions where the soil temperature was between 15 and 
25°C. Similarly, S. bovinus would probably perform well at soil 
temperatures between 20 and 25°C, but above this range its suitability as an 
inoculant would decrease.
V pH
Ectomycorrhizal fungi are usually grown in media, the pH of which, at least 
initially, lies between 5.0 and 7.0. (Palmer and Hacskaylo, 1970; Lamb, 
1974; Litchfield and Lawhorn, 1981) and there is little doubt that the 
optima for most species lie between these values. However, as with 
temperature, a knowledge of the pH range which supports good growth is also 
desirable, especially with regard to commercially used species. Hung and 
Chien (1978) again illustrated this for I\ tinctorius when they found that 
this organism had a pH optimum at 6.6, but this was a narrow peak, and when 
the pH was reduced to 5.0, growth rate was decreased to half the maximum. 
Suillus bovinus was less exacting with high growth rates throughout the pH 
range 4.0-7.0.
The results of these studies on temperature and pH appear to indicate that 
the suitability of P. tinctorius for inoculation purposes is limited to 
areas which satisfy its relatively specialised growth characteristics, 
and that its potential for widespread use is restricted.
The majority of the nutritional information summarised above has been- 
obtained from studies where the fungi have been grown on solid media, or in 
static liquid culture. In addition, the analyses usually consisted of a 
single destructive sampling after a fixed time period, and subsequent 
measurement of the dry weight. Using these data to compare growth rate 
and/or yield of biomass for a certain substrate may lead to significant 
errors as Fig. 1 below demonstrates.
Fig. 1. POSSIBLE ERRORS INHERENT IN SHAKE FLASK CULTURE WITH A SINGLE 
DESTRUCTIVE SAMPLING TIME
Hypothetical growth curves for 
three organisms. Use of a 
single dry weight measurement 
may result in significant error 
when trying to compare the growth 
rates of different organisms. 
Sample times 1, 2 and 3 
demonstrate this.
In addition, the use of static liquid culture may produce unforseen nutrient 
limitation, commonly oxygen, thus leading to an even greater error in 
"yield". These criticisms do not detract from the overall value of such 
screening studies; however, the promising results arising from such work 
should then be confirmed by using more precise methods.
b) SUBMERGED BATCH CULTURE
Submerged batch culture with adequate monitoring and control offers a 
solution to many drawbacks of the above methods. However, the greater 
complexity of these methods normally means that fewer samples can be 
screened.
DP-y
I GROWTH IN SUBMERGED BATCH CULTURE
If viable microorganisms are placed in a medium which furnishes all of 
their growth requirements, the increase in biomass (dx) occuring during an
infinitely small time period (dt) will be proportional to the amount of
biomass already present and to the time interval
thus dx = jxxdt (1)
x = biomass t = time y  = specific growth rate (rate of growth
per unit-biomass)
When y  is constant, integration of (1) gives
x = xQe f i
or In x = lnx0 + y t
x0 = biomass at time zero.
Growth which is defined by these equations is called exponential or 
logarithmic growth, where x is equal to the concentration of biomass at any 
time (t). Thus, a plot of ln(x) against time will give a straight line 
with slope fJ.
II EFFECT OF SUBSTRATE CONCENTRATION ON GROWTH RATE
In practice, exponential growth within a closed system can take place for a 
limitea period only, after which it slows. This is usually due to a, 
substrate within the medium becoming growth-limiting. Hence, microbial 
growth rate is usually a function of substrate concentration ano was found 
by Monod (1942) to conform to the following relationship known as the Monod 
equation:
jj - jj max s
Ks + s
Where pmax is the maximum growth rate, s is the substrate concentration and 
Ks is the saturation constant, ano is defined as the growth-limiting 
substrate concentration present when growth is reduced to 0.5 jjmax.
II
The effect of substrate c o n e nera .ion on biomass x is measured in terms of 
growth yield (Y). Thus, in the above system an increase in biomass (x) 
results from utilisation of substrate s. 
i.e. Ax _ y
As
Hence, as s tends to zero:-
._...................   ....... jix_ = -Y     ... _..
ds
Consequently, if x0 and s0 are the initial concentrations of biomass and 
substrate respectively, and x and s correspond to concentration in the 
growing culture, then at any time:-
x - x0 - Y(sq-s)
At the end of the batch cycle, s will tend towards zero and, therefore:-
x - x0 = Ys0
where Y is the yield factor and, in most cases, is considered to be 
constant.
c) THE SUBMERGED CULTURE OF FILAMENTOUS FUNGI
For many years it was believed that exponential growth did not occur in the 
fungi because they did not multiply by fission, but by linear hyphal 
extension. Despite this, submerged cultures of fungi were frequently 
observed to grow exponentially. This apparent paradox was resolved by 
Trinci (1969) and Katz et al. (1972) who suggestec that, although individual 
hyphal extension was linear, branch formation produced an exponential 
increase in the biomass overall.
Monod kinetics can, therefore, apply to filarnentious fungi in submerged 
culture and, hence, fermentations can be characterised in terms of p , Y and 
Ks. Despite this, there is generally a paucity of information on the fungi 
in this respect, compared with other microorganisms. Some of the data that 
have been published, however, are summarised in Table 1.
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I MORPHOLOGICAL VARIATION IN SUBMERGED FUNGAL CULTURES
One reason for the reluctance to study mycelial organisms in submerged 
culture is that, in contrast to bacteria and yeasts, they can produce a 
variety of growth forms. These may be grouped into three major catagories:-
a) Single cell growth
b) Filamentous growth. ----
c) Pelleted growth.
a) Single cell growth resembles that of yeast culture. The cells are 
usually spherical or ellipsoidal and are most often produced as a result 
of very high shear in the fermenter (Solcmans, 1975)
b) Filamentous growth essentially consists of loosely intermeshed hyphae, 
although frequently filamentous cultures become so thick, that the 
intertwined mycelium has the consistency and appearance of ‘'porridge11. 
Commonly, the mycelial filaments will agglomerate into floes, but these 
are temporary, and may be dispersed by increased shear forces (Solomans, 
1975).
c) Pelleted growth may be defined as the production of complex discrete 
masses of hyphae which may vary greatly both in size ana density. They 
are usually completely vegetative (Van Suijdam and Metz, 1981).
Unlike homogeneous single cell and filamentous cultures where all of the 
hyphae are equally exposed to the medium, pellets are often dense enough to 
restrict the movement of medium to the inner mycelium. Thus, the core of 
pellet is often nutrient limited, commonly by oxygen, even though the 
surface is still nutrient sufficient and this leads to the individual 
pellets and, consequently, the overall growth of the culture, deviating away 
from the exponential (growth) resulting in non-conformation of the culture 
with Monod-type kinetics.
The growth of pellets has in fact been found to follow the cube root 
function (Pirt -f- ftigkeU.!:© C'^0 ) ^rlN1ci C^VOTL)
M* = kt + Mo'/a
1
and this would occur if all of the growth of the pellet took place in the
peripheral margin, the width of which was constant (Pirt, 1975). 
Consequently, the rate of increase of the radius of the pellet is described 
by the function
dt
w = peripheral growth zone width
The critical radius that a pellet must reach before its core becomes 
substrate limited depends very much on the density of the pellet. Thus, 
Phillips (1966) found that the critical radius of Peniciilium chrvsogenum 
pellets was 0.1 mm, before they became oxygen limited, whereas Trinci (1970t^) 
found that oxygen limitation did not occur in Aspergillus nidulans pellets 
until a radius of 2.5 mm was reached.
If the substrate limitation is very acute or prolonged, the hyphae at the 
centre of the pellet will often autolyse leaving a hollow core (Teste- 
Camposano, 1959), and this additional characteristic magnifies the 
heterogeneity of pelleted cultures.
i
In attempting to produce inocula of ectomycorrhizal fungi, one of the 
foremost requirements is to obtain the greatest number of infective units 
per unit biomass. A pellet essentially constitutes only one infective unit 
and is therefore wasteful on biomass. In addition, fermentation 
productivity is greatly decreased v/ith pelleted growth, as is the ultimate 
yield if autolysis occurs.
For these reasons, it is essential to both understand and ultimately dictate 
the type of growth which occurs in the submerged culture of ectomycorrhizal 
fungi, and a knowledge of the factors which influence pelleting is 
desirable.
Pellet Formation
Takamashi and Yamada (1959) classified pellet formation into two main types.
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a) Coaeulative - which is caused by germinating and non-germinating spores 
becoming entangled to form tiny aggregates which act as pellet initials. 
This type of pelleting occurs early in the fermentation process.
b) Non-coagulative - is less common and is much less understood. The basic 
principle involved is that one spore or hyphal particle eventually forms 
one pellet.
Factors Affecting Formation 
Genera and Species
Burkholaen and Sinot (19^5) screened over 150 fungal species for mycelial 
pelleting, which occurred in over half. Pelleting ability did not 
predominate in any particular fungal group, and was common throughout the 
Zygomycetes, Ascomycetes, Fungi Imperfecti and Basidiomycetes.
Inoculum Density
Foster (19^9), Camici et al. (1952) and Metz and Kossen (1977) have found 
that pellet formation is decreased when the inoculum density is high. From 
their work, Metz and Kossen (1977) suggest that hyphal contact is the 
determining factor. Thus, if there is abundant hyphal interaction, 
especially in the early stages of the fermentation, pellet formation is 
suppressed. In some conditions, however, pellets have been found to form at 
all spore concentrations (Trinci, 1970), but this may well be due to spores 
aggregating to form pellet initials before germination has allowed any 
hyphal interaction.
Agitation
For coagulative pelleting the effect of agitation is clear. Maynxlth (1965) 
and Elmayergi et £il. (1973) found that filamentous growth occurred at all 
spore concentrations if the stirring rate was sufficiently high, generally 
over 1000 rpm.
Once a mycelial culture is established however, the effect of agitation is
more complex. It is generally found that at low agitation speeds, long 
filamentous particles are produced, whilst vigorous stirring causes a 
shortening and thickening of the hyphae, which also demonstrate a greater 
branching frequency (camposano et al., 1959; Carter and Bull,
\c\l?c\ ) .  Similarly, Van Suijaam and Metz (1981) found that increased 
agitation caused a decrease in the length of the hyphal growth unit of 
chrysogenum. In chemostat cultures, this production of short highly 
branched fragments may well progress to the formation of very small dense 
pellet initials and eventually pellets (Pirt and Callow, 1959; Camposano et 
M., 1959).
Growth Rate
Most authors, in attempting to characterise and quantify changes in 
morphology of fungi in submerged culture, have adopted the concept of the 
uhyphal growth unit1 which is defined as:-
Total length of hyphae (Trinci, 1970s)(?) Katz et .al., 1972) 
Nunber of tips
The total length of hyphae in the particle can increase exponentially,' 
provided the number of tips increases proportionately with the increase in 
hyphal length. Consequently, an increase in growth rate can be accommodated 
by this system in two ways. Either, the branching frequency can increase 
and the hyphal extension rate remain constant, so reducing the hyphal growth 
unit, as suggested by Katz et al, (1972); or, alternatively, the hyphal 
growth unit remains constant and the hyphal extension rate increases 
proportionately with growth rate, as has been proposed by Trinci (1973).
This disagreement of data appeared to have been resolved when Van Suijaam 
and Metz (1981), using chemostat cultures of P. chrvsogenum. found that the 
hyphal growth unit remained constant and the hyphal extension rate was 
proportional to growth rate. They also suggest that, at any growth rate, 
the resultant morphology is a function of that growth rate and the shear 
stress, an equilibrium being produced between growth ana fragmentation of 
hyphae.
However, Miles and Trinci (1983) found that the hyphal growth unit length'
was greatly affected by dilution rate and stirring speed. They found that 
at high stirring speeds (1,000-1,200 rpm) hyphal growth unit size decreased 
with increasing dilution rate whereas, at low speeds (500 rpm), hyphal 
growth unit length increased with increasing dilution rate.
In summary, the major parameters which affect the morphology of filamentous 
fungi in submerged culture are inoculum level, agitation and growth rate, 
and, hence, careful manipulation of these three factors should enable the 
morphology of most fungi to be determined and thus controlled.
d) THE GROWTH OF ECTOMYCORRHIZAL FUNGI IN STIRRED TANK SUBMERGED CULTURE
There is a paucity of data on the growth of ectomycorrhizal fungi in stirred 
tank culture. Torev (1968) claims to have grown mycelia of Cantharellus 
cibarius. Lactarius pjperatus. Amanita cesarea and Coprinus comatus in 
stirred tanks, ranging in size from 15 to 100,000 litres. It appears that 
the mycelia are filamentous at all stages of production and when conditions 
are "extremely" favourable, single cell cultures are produced. Production 
begins with a seed fermenter of 800-5000 litre capacity being inoculated 
with 1 litre of starter culture. After 60-71 hours, the resultant culture 
is used to inoculate a large fermenter where the duration of the 
fermentation is again 72 hours.
These running times are very short, indicating that very fast growth rates 
(tp = 6 hours) are possibly being obtained. This seems a little unlikely, 
perhaps, in organisms which are known to grow very slowly indeed.
More recently, Abbot Industries have grown Pisolithus tinctorius in stirred 
tank culture to produce mycelium to inoculate large quantities of PVM (Marx d. JL-, 
1982). (See later).
Similarly, Litchfield and Lawhorn (1981) have described a process, patented 
by Battelle Corporation, whereby ectomycorrhizal inoculum is produced 
entirely by stirred tank cultures. Few details are available of this 
process, except that in this case pelleted culture is preferred, indeed, 
inert particles are introduced to the fermenter to provide nucleating sites 
for the mycelium.
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Finally, Rhone-Poulenc Industries have successfully grown Hebeloma 
crustuliniforme in stirred tanks of up to 500 litre capacity. Agitation and 
aeration are maintained at high levels, apparently without damaging the 
mycelium, and the growth obtained is filamentous (J. Garbaye - pers. comm.)
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CHAPTER 3. MATERIALS AND METHQfiS
a) ORGANISMS
Thelephora terrestris (Ehrh.)Fr. isolated from a mycorrhizal root from 
Bordon Nursery in 1976.
Laccaria laccata (Scop, ex Fr.)Cooke isolated from a mycorrhizal root from 
Bordon Nursery in 1976.
Paxillus involutus Fr.)Fr. isolated from a mycorrhizal root from Alderholt 
Forest in 1979.
Lactarius rufus isolated from a mycorrhizal root from Alderholt Forest in 
1979.
Isolate RE7Q unidentified basidiomycete isolated from a mycorrhizal root at 
Alderholt Forest in 1979.
Isolate S32 unidentified basidiomycete isolated from sporocarp in Bordon 
nursery in 1977. '
b) NUTRITIONAL STUDIES 
I MEDIA
The media used throughout the project, except where otherwise stated, are 
given below in Table 2. With "synthetic MMN", 2.5 g of glucose and 0.5 g of 
(NHij)2HP04 were substituted in place of 3 g malt extract.
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TABLE 2. COMPOSITION OF MEDIA USED THROUGHOUT IBIS PROJECT FOR THE CULTURE 
OF ECTOMYCORRHIZAL FUNGI
MODIFIED MMN SYNTHETIC
NUTRIENTS BASAL MELIN- USED AT MMN MEDIUM I
MEDIUM (1) Modkrans mmn SURREY (SURREY)
(MARX 1968)
GLUCOSE — 10 10 12.5 <7.5
(NH4)HP0i} - 0.25 0.5 1.0 0.5
(NH4)2S04 2.0 - - - 2.5
KH2PO4 0.5 0.5 0.5 0.5 0.5
MgS047H20 0.4 0.125 0.125 0.125 0.4
CaCI2 0.1 0.005 0.005 0.005 0.1
NaCl 0.025 0.025 0.025 0.025 0.05
FeCl3 0.012 0.012 0.012 0.012 0.02
ZnS04H20 0.0005 — _ 0.0005 0.0005
MnS04H20 0.0002 - - 0.0002 0.0002
THIAMINE 0.0002 0.0001 0.0001 0.0003 0.0002
MALT EXTRACT - 3.0 3.0 - -
pH - 5.5-5.7 5.8-6.0 5.0-5.3 4.7-4.!
The above were then all made up to 1 litre with distilled water.
Carbon Sources
All sources of carbon were prepared as stock solutions of 8 g C/1 and 
autoclaved separately to avoid caramelisation. These were then added to 
sterilised Basal Medium (1) (plus 1 g/1 (NH^HPOn to give a final 
equivalent concentration of 2 g C/1. 20 ml aliquots of the various media 
were then pipetted into Petri dishes. Cellulose and starch were ball-milled 
to a fine powder and added to the Basal medium at 2 g C/1 after separate 
sterilisation.
The plates were inoculated with "cork bored" agar plugs of mycelium and 
incubated at 20°C. Colony diameters were measured after 5, 10, 20 and 30 
days and an arbitary measurement was also made of the colony density. Five 
replicates per treatment were prepared.
% %
Mitroeen Sources
Initial Plate Screening Experiment
All nitrogen sources were added to Basal Medium (1) to give a final 
concentration of 0.3 g N/l equivalent weight (Casamino acids were assumed to 
contain 8% w/w total N - Difco Manual). This medium was then autoclaved. 
Glucose was sterilised separately and added to give a final concentration of 
5 g/1. The plates were inoculated, incubated and analysed in the same way 
as for the carbon study.
Shake Flask Culture
250 ml conical flasks containing 75 mis of Basal Medium 1, with 10 g/1 
glucose and 0.6 N/l equivalent weight of the relevant nitrogen source, were 
adjusted to give an initial pH of 5.5. The flasks were then inoculated with 
equal volumes of macerated agar inoculum, and incubated on an orbital shaker 
running at 120 rpm at 20°C. Destructive samples were taken at intervals 
and dry weight measurements made on the biomass. There were three 
replicates per treatment.
Where applicable (see Results), malt or potato extract was added at 2 g/1.
II TEMPERATURE
Conical flasks containing Basal Medium 1 and to which 10 g/1 glucose and 0.3 
g N/l as (NHj^SOij were added, were prepared and inoculated as above. The 
cultures were incubated at 5, 10, 15, 20, 25 and 30°C. Orbital shakers were 
not available for this study, and, hence, the flasks were shaken manually 
each day; otherwise they were static. Destructive samples in triplicate 
were tken at intervals and dry weight estimations made.
III pH
Flask cultures were prepared in exactly the same way as in the temperature 
study except that adjustments were made to give an initial pH of either 3*5, 
4.5, 5.5, 6.5, 7.0. The flasks were then inoculated with equal volumes of 
filamentous seed inoculum and incubated at 20°c on orbital shakers running 
at 120 rpm. Samples were taken as previously described.
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c) SUBMERGED CULTURE STUDIES
I PRODUCTION OF SEED INOCULA
Seed cultures for the fermenters were prepared by inoculating 500 mis of 
either MMN or Medium 2 (contained in 1 litre conical flasks) with several 
agar plugs cut from actively growing colonies. The flasks were sealed with 
PVC tape to prevent contamination and then placed on a magnetic stirrer. 
Agitation was initially slow (approximately 60 rpm), but when growth had 
started, it was increased to approximately 250 rpm.
Seed cultures were also produced by subculturing from previous inoculum 
flasks into fresh medium. In these cases the inoculum level was 20% v/v 
(100 mis into 500 mis).
Culture produced by either of these two methods was always filamentous and 
this was judged to be because
a) High inoculum levels were used.
b) Sealing of the flask with tape restricted gas transfer, thus there would 
only be a ivery short exponential phase before oxygen limitation began to 
occur. Thus the small number of generation times involved did not allow 
pellet initials to form.
c) The rates of agitation between about 150 and 400 rpm all produced 
filamentous inocula. Stirring speeds below these limits caused pellet 
production and above these limits they caused the hyphae to lyse.
II FERMENTATION CONDITIONS AND ANALYSES
Two fermenter vessels were used; a) a bottom stirred L.H. Engineering C1500 
series with a 5 litre chamber and b) a 1.4 litre vessel which was stirred 
from above, using a Gitenco motor. Baffles were removed from both 
fermentation vessels, to reduce surface accretion of biomass. Aeration was 
controlled at 0.15 vvm - 0.2 vvm for all batch cultures and monitoring of 
dissolved oxygen using a L.H. Engineering electrod e ensured oxygen 
sufficiency. The pH was controlled at 5.5 using 1.0M NaOH and 1.0M HC1.
Temperature was maintained at 20Oq With a Churchill chiller circulator. 
Samples for dry weight determination were pipetted into pre-weighed glass 
tubes and centrifuged at 1500 g for 10 minutes. The pellet was then 
resuspended in distilled water and re-centrifuged after which it was dried 
to constant weight at 105°C. The supernatants were immediately frozen and 
kept at -20°C until the end of the fermentation when analyses were 
performed.
Glucose was initially estimated by using the coLori^eLnt ^e,t-iocL
©f NleCso^ and then later, using an automatic glucose
analyser incorporating glucose oxidase. The two methods were found to 
correlate well.
Nitrogen was estimated by Kjeldahl digestion. These analyses were 
performed at the Central Electricity Generating Board Laboratories at 
Leatherhead, Surrey.
Phosphate was determined using the method of Murphy and Riley (1962).
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CHAPTER 4. EESUL1S AH) DISCUSSION
a) NUTRITIONAL STUDIES
I CARBON SOURCE
A study of the growth of several ectomycorrhizal fungi on selected single 
carbon sources was made as described. The results are summarised in Table 3, 
where the figures represent mean colony diameters of 5 replicates for each 
treatment which have been converted to percentage values relative to 
glucose, which was given an arbitrary value of 100%.
Table 3 shows that overall, glucose was found to be a very good carbon 
source for all of the fungi, only mannose, its stereo-isomer was found to be 
assimilated better, sometimes quite significantly so. Unfortunately, the 
high cost of mannose precludes its use even on a laboratory scale.
!
Sucrose was found to be used only sparingly by all of the fungi, except 
possibly Isolate RE7Q, and this generally agrees with the findings of Palmer 
& Hacskaylo, (1970) and Lamb (1974), although Lamb found that .L. terrestris 
used sucrose almost as effectively as it did glucose. There was similar 
agreement with previous reports in regard to the utilization of dextrin and 
starch, on which the fungi showed variable but generally quite poor growth. 
Indeed starch was not assimilated at all except by Paxillus involutus and T. 
terrestris. Cellulose, the most abundant carbon source in the soil 
environment, was not utilized to any extent by any of the fungi.
N.B. In an additional experiment not shown here, starter glucose was 
included in the sucrose, starch and cellulose plates, as it has been 
suggested (Lamb, 1974) that growth on glucose in the presence of these other 
carbohydrates causes induction of the enzyme necessary to assimilate them. 
This was not found to occur in this study, growth being no different to that 
found on the "starter” glucose alone.
Interestingly, all of the ectomycorrhizal fungi showed some pectinolytic 
ability, with Lactarius rufus outstanding. Its growth was nearly four times 
greater on pectin than it was on glucose.
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TABLE 3. GROWTH OF SELECTED ECTOMYCORRHIZAL FUNGI ON SINGLE CARBON SOURCES
CARBON
SOURCE
THELEPHORA
TERRESTRIS
LACCARIA
LACCATA
PAXILLUS
INVOLUTUS
LACTARIUS
RUFUS
ISOLATE
RE79
ISOLATE
S32
GLUCOSE 100 100 100 100 lo o 100
MANNOSE 120 133 140 150 100 124
TREHALOSE 50 18 111 35 28 53
SUCROSE 25 35 20 T 52 43
DEXTRIN 55 31 50 r iT 'T
MANNITOL 30 T 100 T T T
STARCH 20 T 30 T T T
CELLULOSE T T T T T T
PECTIN 24 29 65 380 130 75
Figures are percentage values, with growth on glucose having an arbitrary value of 10O% 
T = Trace amount of growth probably from inoculum carry-over.
Trace amounts of growth were also detected in control plates with no added 
carbon source.
27
In summary, glucose would be the carbon source of choice for all of the 
fungi, with the possible exception of L*. rufus where the use of pectin looks 
very promising. In addition to this, however, Table 3 shows some 
interesting trends that are perhaps significant. Paxillus involutus was 
found to grow moderately well on all the carbon sources, with the exception 
of cellulose, and this capacity to be able to utilise a wide range of 
carbohydrates could indicate at least a partial adaptation to a saprophytic 
existence. In fact, it has been suggested that this species may be only 
facultatively mycorrhizal.
In contrast, Lactarius rufus was found to assimilate a much narrower range 
of'carbohydrates and, moreover, its best carbon source was pectin, a 
constituent of the middle lamellae of plant cell walls. The ability to 
degrade pectin is commonly found in plant pathogens and there is some 
suggestion that many Lactarius species may be mildly pathogenic. Certainly 
it is generally believed that Lactarius rufus is more obligately mycorrhizal 
than fungi such as involutus and this belief is possibly substantiated by 
the differences found in their nutritional characteristics.
II NITROGEN SOURCE
i
Initial Plate Screening
The results of the initial plate screening of ectomycorrhizal fungi for 
growth on selected single nitrogen sources is shown in Table 4. Again, the 
figures represent mean colony diameters with 5 replicates per treatment 
which have been converted to percentage values relative, in this case, to 
ammonium, which has been given an arbitrary value of 100%.
From Table 4 it is clear that ammonium is a very good source of nitrogen 
with all of the isolates showing good growth. In contrast, nitrate, which 
is the other major inorganic source of nitrogen in soils, gave a much more 
variable response, being used well by £ l terrestris. L. laccata and P. 
involutus but not at all by the others. It is notable that the three fungi 
able to assimilate nitrate are all commonly found in nurseries, where the 
widespread use of inorganic fertilizers together with increased 
nitrification due to high soil pH results in the greater proportion of the 
available nitrogen being in the form of nitrate. Surprisingly, urea formed
TABLE 4. GROWTH OF ECTOMYCORRHIZAL FUNGI ON SELECTED SOLE SOURCES OF NITROGEN
NITROGEN
SOURCE
THELEPHORA
TERRESTRIS
LACCARIA
LACCATA
PAXILLUS
INVOLUTUS
LACTARIUS
RUFUS
ISOLATE
RE79
ISOLATE
S32
AMMONIUM 100 100 100 100 lOO lOO
NITRATE 55 72 95 T T T
ASPARAGINE 130 167 8 280 151 360
LYSINE 35 84 23 134 180 252
TYROSINE 0 0 0 0 0 0
PHENYLALANINE 0 0 0 0 0 0
UREA 82 105 15 T T T
CASAMINO ACIDS 110 133 81 185 278 326
SOYA PEPTONE 100 120 110 150 140 195
Figures are percentage values with growth on ammonium having an arbitrary value of 100%
T = Trace amount of growth probably from inoculum carry over.
Trace amounts of growth were also detected in control plates with no added nitrogen 
source.
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the same pattern of utilisation as was shown for nitrate. The possible 
significance of this is uncertain, as assimilation of urea and nitrate 
require different metabolic pathways.
Amongst the amino acids, asparagine was found to be especially well utilised 
by all but one of the isolates tested and, indeed, with Ls. rufus and Isolate 
S^2 it was quite markedly better than ammonium. Similarly casein 
hydrolysate and soya peptone were better assimilated than ammonium by all of 
the isolates, with the possible exception of involutus.
The ability of ectomycorrhizal fungi to utilise amino acids is not 
surprising, since root exudates contain a large amount of these substances. 
However, the degree of preference shown, especially by rufus and Isolate 
S3£, was unexpected. The reason for this preference is unknown, but Bowen 
(19T3) found that under phosphate-limiting conditions, such as would be 
found in many forest soils, both the total amount of amino acids and the 
ratio of amino/amide nitrogen in the root exudate increased. Moreover, 
asparagine and glutamic acid were by far the most abundant amino acids in 
the exudate.
Shake Flask Culture
j
Shake flask cultures were set up to determine whether the growth 
dissimilarities found in the plate assay for the various nitrogen sources 
did indeed reflect a real difference in the growth rate of the fungi.
The results have been plotted in Fig. 2, and they generally confirm what was 
found in the initial screening. Thus, with T. terrestris. dry weight 
increase was found to be almost twice as fast with asparagine and casamino 
acids as it was with ammonium, which is in fact^a better response to the 
amino compound than was indicated in the plate assay.
With L. laccata growth rate was very similar with ammonium and casamino 
acids, but as hao been previously indicated, it was significantly improved 
with asparagine.
Paxillus involutus had similar rates of growth on both asparagine and 
ammonium, an unexpected result in the light of the plate assay. Moreover, 
the growth rate on casamino acids was nearly twice that found for ammonium,
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again a result not indicated in the previous experiment. The reasons for
the inconsistency of the two methods for this particular species are 
unknown, but it is suggested that the shake flask results are likely to be 
more valid.
In contrast, L. rufus was consistent in both assays with growth rate on 
casamino acids and asparagine being significantly better than it was on 
ammonium. In addition Fig.2 clearly shows the very much slower rate of 
growth generally for this organism compared with the other species.
Malt extract is a major constituent of MMN medium which is used by most 
mycorrhizal researchers for the axenic culture of ectomycorrhizal fungi. 
Due to its undefined nature however, it was omitted from the above study and 
consequently, it was important to determine whether the growth differences 
seen above with casamino acids and aspargine still occurW-when malt extract 
was included in the medium.
Hence, a study was made to compare the growth of four fungal species in MMN 
medium containing malt extract and (NHi^HPCfy as nitrogen source,and MMN 
medium containing malt extract with casamino acids as nitrogen source 
(Medium B). The results of this experiment are given in Table 5, where they 
clearly show that the increase in growth rate with casamino acids contained 
in the medium still occurs with all of the species tested, even with malt 
extract in the medium. This indicates that there is either a growth factor 
contained in the casamino acids which is not found in malt extract, or 
perhaps more likely, that the fungal species tested preferentially utilise 
amino acids as their source of nitrogen.
In addition, Table 5 shows the results of a comparison between MMN medium 
(with malt extract) or with malt substituted with potato extract as the 
undefined ingredient (Medium C). In all cases malt extract was superior to 
potato extract extract in its effect on growth rate.
In summary, the degree of growth rate increase caused by casamino acids and 
asparagine warrents their use on a laboratory scale for the culture of 
ectomycorrhizal fungi. Indeed, they may be especially valuable for very 
slow growing species and, indeed, for those which are currently viable to be 
cultured. However, the good utilisation, ease of use, and low cost of 
ammonium probably makes it the nitrogen source of choice for production
TABLE 5. GROWTH OF FOUR ECTQMYCORRHIZAL FUNGI ON VARIOUS UNDEFINED
MEDIA IN SHAKE FLASK CULTURE
Time
T. TERRESTRIS L.LACCATA
MMN MEDIUM B 'MEDIUM C MMN MEDIUM B MEDIUM C
0 0.08 0.08 0.08 0.05 0.05 0.05
12 0.57 0.84 0.84 0. 58 0.76 0.27
24 2.01 3.12 3.02 1.68 2.56 1.4
Time
P. INVOLUTUS
TIME
WEEK,? L.RUFUS
MMN MEDIUM B MEDIUM C MMN MEDIUM B MEDIUM C
0 0.11 0.11 0.11 2 0.05 0.06 0.05
8 0.32 0.64 0.45 4 0.34 0.88 0.65
16 1.34 3.2 1.98 6 1.25 2.5 1.68
Figures = Dry Weight g/1
Data shows increase in dry weight with time.
purposes.
III OPTIMISATION OF TEMPERATURE AND pH
The results of the temperature study are plotted in Fig. 3, where it will be 
observed that the optimum for growth of all of the fungi lies between 20 and 
25°C, and that no growth of any isolate occurs at 30°C. This is in 
agreement with the result of Bowen & Theodorou, (1973) and Marx et al. 
(1970).
Perhaps more interesting, however, are the ranges of growth shown by the 
four species. T. terrestris maintained growth rates near to its maximum 
between 25°C - 15°C and still grew significantly at 5°C. To a lesser 
extent, this wide range of growth is also shown by La. laccata and JL rufus. 
but in contrast to these species P*. involutus appeared to have a much more 
narrow capability, showing no growth at all up to 10°C.
These findings may well be pertinent to the possible use of these fungi for 
inoculation purposes, as both Bowen & Theodo rou (1973) and Marx et al. 
(1970) found that the degree of infection by ectomycorrhizal fungi 
correlated with their growth rate as dictated by variation of temperature. 
Consequently, as soil temperatures are often below 15°C the results here 
indicate that T. terrestris. which grows well below 15°C, may be more 
successful as an inoculant than P. involutusT whose growth is relatively 
poor below this temperature.
IV pH
In contrast to the above study, where optimum growth of all species occurred 
between 20 and 25°C, a similar determination of the effect of pH on growth 
rate revealed that the fungi tended to show distinct optima for growth at 
either 6.5 or 4.5. Thus, from Fig. 4 it will be observed that both T. 
terrestris and L. laccata showed optimum growth rate at 6.5, whereas P. 
involutus and L. rufus peaked at a pH of 4.5. In addition, T. terrestris 
and L. laccata again maintained growth rates near to their maximum over a 
wide range of pH (4.5 - 7.0), whereas rufus and Pj_ involutus were much 
more exacting,' with growth rate decreasing significantly on either side of 
the optimum values.
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Ecologically, these results may again be highly significant, as they
indicate that of the four species studied, T. terrestris and L. laccata 
would tend to dominate in fairly neutral soils, whereas in acidic soils the 
presence of all four species would be expected.
b) CONTINUOUS STIRRED TANK REACTOR (C.S.T.R.) CULTURE OF ECTOMYCORRHIZAL 
FUNGI
At this point in the project, it was decided to select two of the four 
species for further more comprehensive study, in the belief that they might 
be the best candidates for at least pilot scale commercial production. 
Thelephora terrestris and Laccaria laccata were the two species chosen for 
the following reasons:-
a) They have both been found to elicit a very good growth response in Sitka 
spruce seedlings (Thomas et al., 1982), whose inoculation would 
constitute the primary market, at least in the United Kingdom.
b) They are fast growing in axenic culture compared to other 
ectomycorrhizal fungi - an essential characteristic for large scale 
production.
c) They appear to be well adapted to a wide range of temperature and pH;
characteristics which are very desirable in an inoculum which is to have 
widespread use in areas of diverse environmental conditions. Also, as 
inoculation will probably be into fertilised nursery soil, the capacity 
of both of these species to utilise nitrate as their sole nitrogen 
source is a great advantage.
The use of submerged culture techniques was seen as providing the best 
method of biomass production of ectomycorrhizal fungi. This was mainly 
because the degree of control and manipulation of submerged culture is 
generally very high compared with solid substrate fermentations. Moreover, 
solid substrate fermentations tend to have a large production volume to 
biomass yield ratio whereas submerged cultures do not. A further advantage 
of using submerged culture is that the growth of other filamentous fungi in 
these systems is fairly well documented.
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I C.S.T.R. BATCH CULTURE USING MODIFIED MELIN NORKRANS MEDIUM
This initial study was aimed at determining the characteristics of an 
ectomycorrhizal fungus in a controlled batch fermentation using MMN (Surrey) 
medium. In fact, it was decided to use a fully defined medium which was as 
close to MMN medium as possible (see synthetic MMN in Methods).
Laccaria laccata was the organism used and the course of the fermentation is 
plotted in Fig. 5. As Fig. 5 shows, there was initially a long lag phase 
which was probably due to the inoculum having entered stationary phase. 
When growth did begin it was typically exponential as is shown by the 
logarithmic plot of the dry weight in Fig. 5a. However, it soon deviated 
from this initial exponential form and, instead, followed a plot which could 
be described by either an exponential function with a lower value for the 
specific growth rate (p), or by a cube root function. This deviation was 
marked by the production of mycelial pellets (which gradually became more 
pronounced as the fermentation progressed), thus producing a culture with a 
heterogenous mixture of different morphological forms.
The formation of pellets and their growth according to the cube root law is 
in agreement with the theories propounded by Rirt (1966) anG Trinci (1970), 
although the observation that the above culture was only partially pelleted 
probably accounts for the growth being described by both the cube root and 
exponential models. Interestingly, the increase in dry weight did not 
follow this cube root/exponential plot for the remainder of the fermentation 
but deviated away again to an exponential growth phase. The reason for this 
is not clear, as it is certainly inconsistent with the observation that the 
pelleted growth form was becoming more dominant.
9
From Fig. 5 a specific growth rate (p) of 0.0154 k-1 ( doubling time tp = 45 
hours) can be derived from the exponential part of the curve, but growth 
slowed down in the "pelleted" phase of the culture, giving a doubling time 
in the order of 72 hours, and it was initially assumed that MMN medium would 
be carbon-limited. However, as Fig. 1 demonstrates, when the increase in 
biomass levels out, there is still over 8g/l of glucose remaining. 
Consequently, the nitrogen levels in the culture supernatant were determined 
and it was found that the concentration of ammonium decreased concommitantly 
with the increase in biomass, resulting in the culture entering stationary
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F i g . 5a. GRAPH SHOWING THE PROGRESSION FROM EXPONENTIAL GROWTH TO GROWTH
DEFINED BY THE CUBIC ROOT FUNCTION IN N ITKOS&M-LIMITED CULTURE OF L. LACCATA
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phase when the ammonium concentration became undetectable. This indicates
that MMN medium, at least for L*. laccata, was probably nitrogen-limiting 
and quite severely so considering the amount of glucose remaining. Indeed, 
the "synthetic MMN" used here was derived from the MMN medium used at 
Surrey, which contains twice the amount of ammonium phosphate as the MMN 
medium used by Marx (1969) whose cultures are, therefore, likely to be even 
more severely nitrogen-limited.
The yield factor for nitrogen (g biomass dry/gN) was found to be 6.92 which 
is rather low compared to values of 8.75 and 9.15 found respectively for the 
bacterium Klebsiella aeroeenes (Pirt, 197^3 an<3 Penicillium chrvsoeenum 
(Righelato, 1975). It is difficult to comment further on this discrepancy 
without additional work to determine the elemental composition of the 
biomass under nitrogen-limited conditions.
The low yield factor of 0.29 found for glucose is interesting as it probably 
represents luxury uptake and storage of this nutrient as a polysaccharide by 
the fungus, but even when this is accounted for there is clearly still a 
great deal of wastage of glucose in this medium.
The clear indication from the above study that MMN is deficient in nitrogen 
is supported by Pirt (1975) who, when designing a balanced medium for the 
production of 10 g biomass/1 of K*. aerogenes. suggests a ratio of 
glucose:NHz|Cl of approximately 5:1. The MMN medium used by Marx (1969) has 
a ratio of 17:1 and, that used at Surrey a ratio of 12:1; moreover, in these 
media the nitrogen source is (NH^HPOij which has equivalently less of the 
element.
II C.S.T.R. BATCH CULTURE OF L. LACCATA USING GLUCOSE-LIMITED MEDIA
In most commercial fermentations where biomass is the desired product, the 
carbon and energy source is normally the limiting substrate. This is 
usually for purely economic reasons in that it is the most costly nutrient 
(Righelato, 1975). Hence, MMN medium was modified to ensure that it was 
glucose-limiting (see Methods for full recipe) and had a glucose:ammonium 
sulphate ratio of 3:1. This medium will, henceforth, be referred to as 
Medium 2 and will be the one used in all the fermentations unless stated 
otherwise.
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In conjunction with the modifications made to the medium the physical
parameters of the fermentation were also altered to try to eradicate the 
problem of mycelial pelleting. Thus, an attempt was made to stop the 
formation of pellets by increasing the agitation speed to 1000 rpm and the 
aeration level to 0.5 vvm. The results of two fermentation runs using this 
regime are shown in Fig. 6, and clearly they were unsuccessful, the high 
shear rate causing a total lack of growth. On microscopic examination of 
the culture it could be seen that much of the mycelium had been lysed, and 
that which remained had a marked tendency to collect around the impeller 
shaft or, if there were large particles, to rapidly form very small dense 
pellets.
It is suggested in the literature that pelleting is very much reduced if a 
high inoculum level is used and, hence, another batch culture was set up 
where the inoculum comprised 50$ of the final culture volume. The result of 
the experiment done under these conditions is also shown in Fig. 6 where it 
will be seen that, despite the high inoculum level, growth was minimal, 
although some biomass did accrue around the impeller shaft. Microscopic 
examination of the broth again revealed that extensive lysis of hyphae had 
occurred.
Following these results, the conditions of fermentation were again 
adjusted: the agitation was lowered considerably to 120 rpm and aeration
was reduced to its former level of 0.1 vvm. The inoculum level, however, 
was kept high -at least 25$ of the final culture volume. The results of a 
glucose-limited batch culture under these conditions are shown in Fig. 7.
As with previous fermentations, there was a long lag phase and, again , this 
was probably due to the inoculum having been at stationary phase. However, 
the gentle agitation conditions used in this run did not appear to harm the 
inoculum in any way and, when growth did begin, it was exponential 
throughout the entire fermentation, as is shown by the straight line 
logarithmic plot (Fig. 7a). Even though growth was exponential there was, 
nevertheless, a distinct change in morphology during the course of the 
fermentation, from a truly filamentous growth to a more "floccular" type. 
The microscopic appearance of this floccular growth is illustrated in Fig. 8 
where it can be compared with the filamentous and pelleted growth forms. In 
the fermenter this floccular type of growth looks similar to thin 
"porridge11, and will sometimes aggregate to form large loose clumps.
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Fig- 7. PROFILE OF THE GLUCOSE LIMITED BATCH CULTURE OF L.LACCATA 
UNDER OPTIMISED LEVELS OF AGITATION, AERATION AND INOCULUM
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Fig. 7a. SEMI-LOGARITHMIC PLOT DRY WEIGHT OF L. LACCATA GROWTH IN
GLUCOSE LIMITED BATCH CULTURE
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Fig 8. Illustration of the filamentous and floccular growth 
forms of Lac car'a , Laccata.
Filamentous Morphology
Mycelial units generally 
consist of a single main 
hypha with some primary \
and secondary branches j
Floccular Morphology
Hyphae are intermeshed 
with several main hyphae 
per floe
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However, unlike pellets these clumps can be easily broken up by increasing 
the agitation speed for a short time. Occasionally, if a large clump 
collected around the impeller shaft, and was not dispersed quickly, it 
became very difficult to remove. This, in fact, happened at the end of this 
particular fermentation and explains the apparent drastic decrease in 
biomass (see Figure 7).
In addition, once the culture had entered stationary phase, a large 
proportion of the hyphae became swollen and lost their cytoplasm, which 
probably explains the sharp increase in glucose at this point in the 
fermentation, and certainly demonstrates the fragility of these vegetative 
fungi when grown in stirred culture under nutrient-starved conditions.
Nutritionally, the fermentation was indeed found to be glucose-limiting, 
glucose decreasing concommitantly with increase in biomass. Similarly, if 
further glucose was added at the end of the run, when the dry weight had 
levelled out, growth began again.
The value for the specific growth rate was 0.018h"^ (tD = 38.5 hours) and 
the yield factor for glucose was 0.38. The growth rate value confirmed that 
L. laccata was a very slow growing organism (cf. other fungi, p^ ), but the 
yield was consistent with other literature values.
The experiment was repeated to confirm the above and the results profile of 
the second fermentation is plotted in Fig. 9 and 9a. The growth of L. 
laccata was again exponential for most of the growth phase and, similarly, 
the morphology of the organism was floccular by the end of the run.
Less consistent was the value obtained for the specific growth rate y  which 
at 0.0133h“1 ((tp = 52 hours) was considerably lower than the value obtained 
previously. As the conditions of the two experiments were exactly the same 
it is difficult to explain this discrepancy; theoretically the two values 
should have been identical. The values for the yield factor for glucose, in 
fact, were identical both being 0.38.
The problem of pelleting, at least for the batch culture of L. laccata, 
appeared to have been solved. However, it was not clear whether the 
formation of floccular, rather than pelleted growth, was effected by the 
increased inoculum level or the decreased agitation. To try to resolve 
this, the experiment was repeated using a much lower inoculum level, which
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had previously been found to elicit pellet formation.
In contrast to previous experiments, the inoculum used in this experiment 
was still in the logarithmic stage of growth at the time of inoculation and 
this caused a distinct reduction in the lag phase of the fermentation, as 
can be seen from Fig. 10. Following this short lag phase, growth was 
exponential but only for approximately 80 hours before it deviated away to a 
curve best described by a cube root function (see Fig. 10a). 
Morphologically this again coincided with the formation of pellets which 
despite being considerably less dense than in previous cultures, were 
obviously still nutrient limited at their centre.
In summary, the pellet formation was found to take place at very high 
agitation rates despite the use of high inoculum levels, and also at low 
agitation rates if the inoculum level was also very low. However, pellet 
formation does not take place when the inoculum level is high and the 
agitation is low and, thus, it can be concluded from this work that for L. 
laccata. pellet formation is probably a function of both inoculum level and 
agititation.
The other outstanding aspect of this fermentation was the much higher value 
for the specific growth rate, which, during the exponential phase was 0.0309 
h“1 (tj) = 22.5 hours), nearly twice as fast as had been previously observed. 
The culture was immediately plated out to ascertain whether any mutation of 
the fungus had occurred, as indicated by the production of . "fluffy" colonies 
similar to those which have been found for Aspergillus nidulans and 
Heurospora crassa (Bushell pers. comm), but no differences in colony 
morphology were observed. Consequently, the experiment was repeated under 
identical conditions, again using fresh logarithmically growing inoculum. 
The progress of the fermentation is plotted in Figs. 11 and 11a, and it can 
be seen that it showed a very similar pattern to the previous experiment, 
with a rapid exponential phase giving a specific growth rate value of 0.0285 
(tD = 24.3 hours) The former value of y  was therefore validated.
Fig. 10. THE EFFECT OF USING EXPONENTIAL PHASE INOCULUM ON
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It is suggested that this marked increase in the growth rate was due to the 
use of better quality inoculum. If inocula are still in their logarithmic 
phase of growth the majority of the biomass is active and vigorous. In 
contrast, when in stationary phase, much of the mycelium has been observed 
to be moribund when examined microscopically, and is probably far less 
capable of adapting quickly to the new environment of the fermenter. In 
these circumstances, as only part of the biomass is growing at the maximum 
rate dictated by the cultural conditions, and the remainder is growing 
slowly due to the lack of vigour, the overall rate of growth of the culture 
is reduced.
In most batch fermentations this effect is not significant, as low inoculum 
levels are used and there are enough generation times of non-nutrient 
limited growth to make the effect of the inoculum negligible. Conversely, 
in the first two glucose-limited cultures of L*. laccata the inoculum levels 
were very high and the number of generation times of unrestricted growth was 
relatively low. Consequently the adverse effects of the inoculum on the 
overall growth rate of the culture were never overcome.
From the penultimate fermentation it can also be seen that the yield factor 
for glucose increased to 0.417, which is in fairly good agreement with the 
literature values for other filamentous fungi (see page 14- ).
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Ill C.S.T.R. BATCH CULTURE OF T. TERRESTRIS USING GLUCOSE-LIMITED MEDIA
Glucose-limited batch cultures were set up in the same way as described for 
L. laccata, with slow rates of agitation and moderately high inoculum 
levels.
The results of the first successful fermentation (contamination was a 
serious problem in early experiments) are shown graphically in Fig. 12 where 
it can be seen that following an extended lag phase (due to inoculum being 
in stationary phase) growth is exponential up to about Day 7 of the 
fermentation. After this, growth could no longer be described by a 
logarithmic plot but, as was found with laccata. it slowed down to 
produce a curve best described by the cube root function. This was again 
due to the formation of pellets which were very small and much more dense 
than those produced by JU. laccata.
In addition, production of a dark brown pigment* occurred upon pellet 
formation, the intensity of which increased as the pelleted culture aged.
The reasons why 11 terrestris formed mycelial pellets more readily than L. 
laccata are not known. It appears to be a species characteristic. 
Consequently, although repeated studies were done with various inoculum and 
agitation levels, the problem of pelleting was never really overcome. The 
floccular morphology observed in laccata was also seen in X*. terrestris. 
but the floes were more discrete and, rather than appearing to be a distinct 
and stable morphological variety, they seemed to be a simple transition 
stage between filamentous and pelleted growth.
* Unfortunately, this pigment was never identified, but it was found to 
inhibit the growth of the fungus in shake flask cultures if it became too 
concentrated. Analysis of the pellets at the end of the culture revealed 
that they had started to autolyse, again a characteristic not found in L*.
Fig. 12. PROFILE OF GLUCOSE LIMITED BATCH CULTURE OF T. TERRESTRIS 
USING CONDITIONS OF LOW AGITATION
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The kinetics of growth of X *. -t.ecr.estris were very similar to L. lacca*-Q'
Thus, in the exponential phase of the culture the specific growth rate was 
observed to be 0.0203 (tp = 34 hours), but this slowed to give a 
doubling time of approximately 54 hours when the culture had pelleted. The 
glucose-limiting nature of the medium can be clearly seen from Fig. 12 where 
the yield factor obtained from this was 0.50, a rather high figure.
The above experiment was carried out using stationary phase inoculum which,
as already mentioned, can lead to significant errors in the observed 
specific growth rate, especially in those cultures which have a short 
exponential phase. Consequently, the experiment was repeated using inoculum 
still in its logarithmic stage of growth. Also, an attempt was made to 
quantify the changes in morphology taking place during the batch culture in 
terms of its effect on the colony forming unit (CFU) to biomass ratio, this 
being crucial in the development of ectomycorrhizal inocula.
The results of this experiment are shown graphically in Fig. 13. The plot 
of the dry weight again shows clearly the profound effect of using 
logarithmic phase inocula both in reducing the lag phase of the fermentation 
and increasing the observed specific growth rate to a value of 0.025 h"^  (tp 
= 27.72 hours). The reason for this increase is the same as for La. laccata. 
However, the effect was not so marked with X*. terrestris because the
stationary phase inoculum in the first fermentation (Fig. 12) was at a low
level and hence its effect on the observed was reduced.
The yield for glucose in this experiment was 0.427, which is more in 
agreement with the values found for L*. laccata and other literature values 
for filamentous organisms.
The changes in morphology and their effect on the CFU:biomass ratio can be 
clearly seen from the logarithmic plot in Fig. 13a. By the end of the 
fermentation there has been a striking reduction of over two orders of 
magnitude in the ratio, most of them occurring in the exponential part of 
the culture. This rapid fall probably results from the dual effects of, a) 
the aggregation of filaments to form a pellet initial and b) the exponential 
increase in the biomass per se.
i.e. CFU----- * decreasing
BIOMASS > increasing
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The rate of decrease in the ratio slows down once the culture has become 
pelleted and this is because the number of pellets present, once they are 
formed, does not significantly change. Thereafter, the fall in the ratio is 
mainly due to the dry weight increase, but this is also slower due to growth 
following the cube root function.
If it is established that one colony forming unit is equal to one unit 
capable of infecting the root, then pellet formation would be a serious 
disadvantage. However, the ability of a mycelial particle to form a colony 
in axenic culture is very different from it having the potential to survive 
the soil environment and infect a root, requirements which may necessitate a 
considerably larger amount of mycelium. Further work is essential in 
correlating colony forming units to try to determine if there is a critical 
size at which a CFU becomes an infective unit, after which the relevance of 
the morphological changes taking place in the fermenter will become 
apparent.
IV C.S.T.R. BATCH CULTURE OF T. TERRESTRIS USING PHOSPHATE-LIMITED MEDIA
Mycorrhizal research to date has indicated that phosphate is of utmost 
importance to the symbiotic association, so it was deemed pertinent to 
investigate its effect on the growth of the fungal partner.
Theleohora terrestris was the fungus initially studied, firstly in a 
preliminary shake flask experiment and then in the more controlled 
environment of stirred fermenters. The results of the shake flask culture 
experiments are plotted in Fig. 14 which shows that at all phosphate 
concentrations there was, after a long lag phase, a period of rapid growth 
followed by a marked decrease in the growth rate which coincided with pellet 
formation and the production of a brown pigment. Notably, the intensity of 
pigment production decreased with decreasing phosphate concentration so that 
at 0.01 g/L PO4 pigmentation of the broth was negligible.
It is interesting that, curing the rapid growth phase, the rate of growth 
was similar for all phosphate concentrations except the lowest, where the 
slope of the curve is less steep. This probably means that this lowest 
concentration was the only one where phosphate was at all limiting.
1/5 —  
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Perhaps the most interesting result arising from this experiment was the
very high yield factor (60.0) obtained at the lowest phosphate concentration. 
This figure has to be treated with some caution due to the crudeness of the 
shake flask method but, despite this, it was a result worthy of further 
investigation in the light of the importance of phosphate in the mycorrhizal 
association. Consequently, more controlled experiments were set up where 
dry weight, phosphate, and glucose concentrations were monitored.
In the first experiment (Fig. 15) there was an inordinately long lag phase 
caused, in part, by a breakdown of the temperature control system of the 
fermenter. This stress factor not only inhibited growth, but also had the 
effect of causing the mycelia to aggregate into pellet initials which had 
thus begun to form before growth in terms of increase in biomass had 
occurred. Also noticeable was the high rate of phosphate uptake during the 
lag phase.
Once growth had started, the phosphate-limiting nature of the culture was 
apparent, with the increase in dry weight correlating well with the decrease 
in the phosphate concentration of the broth. Growth, in fact, did not 
conform to any particular pattern, being neither exponential nor described 
by the cube root law. What is clear is that it was very slow, with a 
maximum doubling time in the region of 5.25 days and this was probably a 
result of the problems encountered during the early part of the 
fermentation.
The eventual yield for phosphate of 170 is still very high, however, 
although this value must again be treated with some caution as luxury uptake 
of glucose, especially towards the end of the fermentation (when phosphate 
becomes severely limiting), may well have led to.its storage as starch or 
glycogen and this would result in erroneously high dry weight values. Again 
elemental analysis and mass balancing for carbon would elucidate whether 
carbohydrate storage is taking place. A further error in the yield may have 
resulted from the inoculum not being starved of phosphate before being used 
with the consequence that endogenous reserves may have been carried over 
into the fermentation.
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Fig. 15.
FERMENTATION PROFILE OF PHOSPHATE LIMITED BATCH CULTURE
OF T. TERRESTRIS USING PHOSPHATE LIMITED INOCULUM
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This last error was corrected for in a repeat of the above experiment 
where the inoculum was pre-cultured in phosphate free medium and, thus, 
growth was at the expense of endogenous reserves. The effect of this 
phosphate starvation can be immediately seen in the fermentation proper 
where the uptake of phosphate in the first two days is very high and is 
probably due to the fungus replenishing its endogenous reserves (see Fig. 
16) .
In contrast to the previous culture, the growth in this experiment is 
undoubtedly exponential, at least for the first part of the fermentation. 
After this, pellet formation again occurred and it was expected that this 
would result in growth following the cube root law. In fact, this did not 
happen and the plot which best fits the latter part of the dry weight curve 
is a linear one. This probably reflects a decline in the growth rate due to 
both nutrient limitation and pellet formation.
It is also notable that growth proceeded after phosphate had been depleted 
from the medium and, again, this could probably be attributed to the use of 
endogenous reserves. Certainly, with this particular culture it did not 
appear to be due to the luxury uptake of glucose, the rate of uptake of 
which was very low at this stage. At the end of the fermentation, phosphate 
appeared again in the supernatant, probably as a result of pellet autolysis.
Analysis of the kinetics of the culture reveals a specific growth rate in 
the exponential phase of 0.098 h~1 (tD 32.7h) which is very close to the 
value obtained in glucose-limited culture. The yield factor for phosphate 
was 111.0 which is again much higher than similar values found for other 
organisms e.g. Righelato (1975) found that the yield for phosphate of 
Penicillium chrvsogenum grown in chemostat culture was 19.6. Also, the value 
obtained in this study is not subject to the error caused by endogenous 
phosphate. 'The yield for glucose, however, is only 0.352 so there may well 
have again been luxury uptake of this nutrient and, thence, conversion and 
storage as a polysaccharide.
However, if it is considered that at the very maximum, the measured dry 
weight of an organism may be 50% storage products (Pirt, 1975). Then from 
this experiment it still leaves a true biomass yield of 0.44 g/1 which gives 
a yield for phosphate of 55.5. Thus, on the double assumption that the 
observed dry weight was 50% stored polysaccharide, and that this should not
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be included in an estimation of biomass, the value of the yield factor of 
55.5 for phosphate is still very much above that which has previously been 
obtained for other species.
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c) CONCLUSIONS
NUTRITIONAL STUDIES 
Carbon Source
In reviewing the research to date on the carbon physiology of
HA ALt*
ectomycorrhizal fungi, Smith (1983) concluded that "...the ectomycorrhizal 
fungi have very limited ability to use cellulose and lignin. They vary 
between species on their utilisation of starch, sucrose, trehalose... and 
pectin. The monosaccharides, glucose, mannose and fructose are usually good 
sources of carbon".
The results of this study entirely agree with Smith's sunmary.
Nitrogen Source
Similarly, the nitrogen utilisation characteristics of the fungi are not 
really any different from other fungal groups. Certainly, nothing in the 
results helps to explain the mode of existence of the mycorrhizal fungi.
THE SUBMERGED CULTURE OE ECTOMYCORRHIZAL FUNGI
It was stated in the Introduction that perhaps the greatest difficulty in 
working with mycorrhizal fungi, certainly on a large scale was their very 
slow or sometimes lack of growth in pure culture.
The results of this project, especially with T. terrestris and L. laccata, 
have shown that the optimisation of media, growth conditions and inoculum 
quality can contribute markedly to the improvement in the observed growth 
rate. Further improvement coula probably be achieved, especially by 
supplementing media with root exudate from the host, but, overall, it is 
suggested that the ectomycorrhizal fungi are inherently slow growing 
organisms in pure cultures.
Therefore, considering the complex nutritional relationship of the 
mycorrhiza, further research should be directed, not at the gross
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nutritional characteristics of the ectomycorrhizal fungi, but at 
ascertaining whether the rate limiting step to growth is the rate of 
absorption of nutrients into the hyphae (a situation which may well differ 
in the mycorrhiza), or whether the utilisation of nutrients, once absorbed 
by the hyphae, is slower than in other microorganisms. By establishing 
which of these factors limits growth, real progress will be made in 
elucidating the nutritional profile of the ectomycorrhiza and, also, a 
systematic approach to improving the growth of the fungi in pure culture 
could be embarked upon.
Phosphate
The ecological significance of the high biomass yield from phosphate is not 
clear. The possibility that the biomass of ectomycorrhizal fungi may have a 
different elemental balance to other microorganisms, especially in 
phosphate-starved conditions, is worthy of investigation. Certainly, the 
ability to produce biomass in phosphate-limited environments would confer a 
great advantage to the mycorrhizal fungi over competing organisms.
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PART B
INFECTIVITY AND GROWTH STIMULATORY ACTION OF C.S.T.R. GROWN L. LACCATA 
AND T. TERRESTRIS ON PICEA SITCHENSIS
CHAPTER 5. INTRODUCTION
Initial colonisation of totally uninfected tree seedlings must clearly occur 
through the presence in the soil of fungal spores and vegetative propagules, 
or by airect infection from adjacent mycorrhizal trees. Although primary 
infection of this type will still continue as the root system extends, the 
predominant means of spread of infection appears to be by the new lateral 
root initials passing through a region of the main root cortex in which a 
Hartig net is already present (Robertson, 1954; H a r le y W 3 )
It is usually accepted that infection, once established in the long root 
cortex, spreads along with the elongating root and new short roots are 
infected as they emerge through the cortex. Consequently, reinfection from 
the soil is thought to contribute little.
Thus, as infection can take place by more than one mechanism, the effect of 
initial inoculum density in the soil on the eventual level of root 
colonisation is difficult to determine.
i
This, together with the problems encountered in culturing most mycorrhizal 
species, makes it understandable that, with the great majority of 
experiments, no attempt is made either to characterise or standardise the 
inocula.
Unfortunately, it is probable that many of the mycorrhizal effects produced 
in these studies simply reflect differences in inoculum density, especially 
where several different species of fungi are being compared. This viewpoint 
is substantiated by results from the few publications where inocula has been 
quantified.
Theodorou and Bowen (1973) inoculated Pinus radiata with between 10^ and 105 
basidiospores per pot (4 plants per pot) of Rhizopoeon luteolus. and assayed 
seedlings for infection and dry weight after 4 months.
A summary of their results is shown in Table 6 where it can be seen that 
percentage mycorrhizal infection and dry weight of seedlings increases 
concommitantly with inoculum density. They observed that inoculum levels of 
over 1,000 spores/pot resulted in mycelial strands being formed, the 
intensity of which increased up to 105 spores/pot.
9
Similarly, some very important ana interesting results were obtained in a 
more extensive study by Lamb and Richards (1974 I and II), who usea 
basidiospores of Rhizoposcon roseolus. Suillus Rranulatus and Pisolithus 
tinetorius to inoculate Pinus radiata and Pinus elliottii. The most 
pertinent points arising from their work are:-
a) There was no significant difference in the percentage of mycorrhizal 
short roots and very little variation in the growth responses of the 
seedlings, when the same amount of inocula (spore nos.) of the three 
different species was applied.
b) Percentage mycorrhizal short roots, and dry weights of seedlings 
increased with increasing inoculum density.
c) Soil type had a profound effect on the amount of inoculum needed to 
produce the same degree of infection.
d) Inoculation at time of sowing produced seedlings with a greater 
percentage of mycorrhizal short roots than when inoculation took place 
after 6 and 12 weeks. Marx et al.( 1982) found that with P. tinctorius 
basidiospores germination and infection was delayed for up to 2 months 
after inoculation. This means that, if inoculation takes place at 
sowing, the basidiospores are germinating at approximately the same time 
as the seedlings are first able to become mycorrhizal. This might well 
explain the above result of Lamb ana Richards.
The culture methods used in producing mycelial preparations make quantifying 
the inocula far more difficult. Nevertheless, Littke et al. (1982) proposed 
that the ATP (adenosine triphosphate) content of mycelium was a good 
indication of its infectivity. Cultures of Hebeloma crustuliniforme were 
grown in nutrient moistened cellulose for up to 5 weeks with inoculation of 
Douglas fir seedlings with the colonised cellulose taking place every week. 
In parallel with this, liquid cultures were grown where ATP content and dry 
weight were monitored. It was found that mycorrhizal infection correlated 
with ATP content, but not with the dry weight of the mycelia. It is 
suggested that this results from the young actively growing hyphal tips 
being more infective than the older mycelium. This is a promising result, 
but more work is needed to substantiate these theories.
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CHAPTER 6. MATERIALS AND METHODS
a) PREPARATION OF INOCULA
Glucose-limited cultures of both JL. terrestris and Lj. laccata were grown in 
a 1 litre fermenter (describee previously), until the end of the rapid 
growth phase at which point they were harvested. The morphologies of the 
fungi at this point tended to be floccular, although with Tj_ terrestrisT 
these floes were more discrete.
The mycelium was then filtered through a Whatman No. 6 paper and 
subsequently rinsed thoroughly with sterile water to eliminate the risk of 
carry-over of nutrients into the pot experiment. Following this, the 
mycelium was resuspended back into its original volume of sterile water.
10 ml aliquots of this inoculum were then removed and dry weight estimations 
of the mycelium were made. Similarly, colony forming unit (CFU) counts were 
made by spreading 0.3 ml of neat suspension onto MMN media, in triplicate, 
ana incubating at 20°C for 3 weeks.
b) INOCULATION OF SEEDLINGS
Sitka spruce seed was sown into sterilised peat and allowed to germinate and 
grow until the seedlings were approximately 6 weeks old, at which point they 
were transferred from the peat into 5 inch (top diameter) pots containing 
either a prepared loam which had been partially sterilised with steam, or a 
natural soil obtained from the Ironhill Nursery which had been fumigated 
with Dazomet. These partial sterilisation techniques serve to kill both 
pathogenic fungi and also any mycorrhizal propagules which are naturally 
present in the soils.
Various quantities of the aqueous suspension of mycelium were then pipetted 
over the exposed root system of the seedlings as they were transferred from 
the seed tray into a pot.
The seealings were then grown under regimes of adequate irrigation and a 
constant daylength of 18 hours. After 10 weeks (unless otherwise stated) 
they were harvested and the numbers of non-mycorrhizal and mycorrhizal short 
roots estimated.
The whole seedlings were then dried at 105°C to constant weight and the dry 
weight of the shoot and root recorded.
In all studies, except where otherwise stated, there were 2 seedlings per 
pot and 5 replicate pots per treatment.
Statistical significance of the results was determined using a one-way 
analysis of variance programme written by Dr. T.N. Bryant (University of 
Surrey).
c) INOCULATION AT TIME OF SOWING
Aliquots of washed suspended inoculum were pipetted into the top 2 inches of
i
soil in 7 inch diameter, pots. The inoculum was thoroughly mixed into this 
top layer of soil by hand. Sitka spruce seed was then sown onto the surface 
of the soil at approximately 40 seeds/pot. These were allowed to germinate, 
but after about 1 month the pots were thinned to contain 15 seedlings. 
Batches of 3 seedlings were periodically removed and analysed as above. 
Each treatment contained 3 replicate pots.
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CHAPTER 7. RESULTS AND DISCUSSION
Ultimately, the most important requirements of any potential inoculum of 
ectomycorrhizal fungi are that it shoulc be both highly infective to the 
roots of the host tree, and should produce good growth stimulation of the 
seedling.
Similarly, from the point of view of commercial proauction it is vital to 
characterise the factors which determine what constitutes the minimum 
infective dose to produce an adequately mycorrhizal seedling.
Thus, the aim of the following study was to investigate and specify the 
infectivity of £ l terrestris and L^ laccata when grown in submerged culture 
ana eventually attempt to correlate and optimise this with the actual 
biomass production process.
In the experiments described below the inoculum has been defined in terms of 
its growth phase and morphology, dry weight, ana colony forming unit count. 
The use of this system allows feedback from the bioassay results to the 
fermentation process.
a) INOCULATION OE SEEDLINGS WITH H  TERRESTRIS
The pertinent data of the first infectivity experiment using Tj. terrestris 
are shown in Table 7 and some of the more important results plotted in Fig. 
17. In this particular study, twice the number of replicates was prepared 
and, hence, a "time" variable was added to the experiment by harvesting the 
seedlings after two growth periods; 10 weeks and 19 weeks following 
inoculation.
From Fig. 17 it can be seen that after 10 weeks there was good infection of 
the seedlings and, indeed, those that had been inoculated with more than 
185 CFUs had reached a saturation level whereby over 95% of their short 
roots were mycorrhizal and where an increase of inoculum made no significant 
difference to the degree of infection. Below this inoculum level the 
proportion of mycorrhizal short roots formed falls sharply, so that a dosage 
of 92 CFUs results in only 77% infection. The uninoculated controls were 
all non-mycorrhizal.
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Fig. 17.
THE.EFFECT OF DIFFERENT LEVELS OF MYCELIAL INOCULUM OF T. TERRESTRIS 
ON THE INFECTION AND GROWTH OF SITKA SPRUCE SEEDLINGS
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After 19 weeks, the only change In the degree of infection was found in the 
seedlings inoculated with 92 CFUs which had increased their proportion of 
mycorrhizal short roots to 90%. This is an interesting result as it shows 
that once infection is initiated, then given suitable conditions, it can 
spread throughout the whole of the root system. Thus, the observed degree 
of infection is not only a function of inoculum density but, due to its 
progressive nature, a function of time also. The situation found here must 
be considered rather artificial, however, as in these experiments the soil 
was parti ally sterilised, thus eliminating competition from indigenous 
ectomycorrhizal propagules. In natural environments these competing fungi 
would clearly colonise uninfected roots and, thus, the progressive infection 
by a single species shown here would probably not occur to the same extent.
With regard to the dry weight data of the seedlings, it will be observed 
that in as little as 10 weeks following inoculation, there is a positive and 
statistically significant growth response shown by all treated seedlings 
compared to the controls, although at this point the stimulation is not 
particularly pronounced, which seems to reflect that there is a lag period 
between the infection of a seedling and the expression of this infection in
i
terms of dry weight differences. These differences do, however, become more 
marked after 19 weeks when there is a doubling of the dry weight of all the 
inoculated seedlings compared'to the untreated controls.
It was clear from this first experiment that T*. terrestris grown in 
submerged culture was acutely infective with less than 100 CFUs being 
necessarysto produce an almost totally mycorrhizal seedling. However, the 
relationship between very low inoculum levels and the resultant degree of 
infection had still not been fully elucidated and, consequently, in an 
attempt to resolve this, the experiment was repeated using a wider range of 
inoculum levels.
Unfortunately, optimum conditions for seedling growth were not maintained 
during this study, the soil being allowed to become dry on at least one 
occasion. This led to an infectivity profile which was very different to 
that shown in the first experiment (Fig. 17). Thus, from Table 8 and Fig. 
18 it is immediately noticeable that a greater amount of inoculum is 
required to instigate infection, 200 CFUs being required to produce 
significant colonisation and 400 CFUs being necessary to produce seedlings 
with 75% mycorrhizal short roots. Indeed, the inoculum dosage which
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effected an infection level of 90% in the previous study (95 CFUs) produced 
less than 1% colonisation in this experiment. This apparent decrease in the 
infectivity of the inoculum was probably caused by a substantial amount of 
the CFUs being adversely affected by the harsh environmental conditions, 
resulting in them becoming non-infective. Consequently, a relatively larger 
amount of inoculum was required to secure adequate colonisation of the root 
system.
Unexpectedly, the saturation effect observed in the first experiment did not 
occur, the degree of infection significantly decreasing with increasing 
inoculum levels above 400 CFUs. Again, the likely cause of this decrease 
was the erratic growth conditions in this experiment.
Fig. 18 illustrates that the growth responses shown by the seedlings 
generally correlated well with the degree of infection. However, on closer 
examination it will be observed that, whereas 43% infection resulting from 
an inoculum of 200 CFUs caused almost a doubling in the dry weight of the 
seedlings, a 55% level of infection resulting from an inoculum of 800 CFUs 
produced a significantly decreased growth stimulation.
i
This depression of growth stimulation in adequately mycorrhizal seedlings, 
which had been treated with high inoculum loads, was also seen in the first 
experiment, with the seedlings harvested 6 weeks after inoculation (see Fig. 
17). It is suggested that a possible reason for this effect is that the 
root systems of seedlings treated with high inoculum levels become 
completely mycorrhizal very rapidly which, combined with the fact that the 
trees are very small, may well constitute a drain on the resources of the 
seedlings whose nutrients are diverted to the fungal symbiont rather than 
being used for growth of the host. Molina (1980) made similar conclusions 
after finding that a variety of tree species which were heavily mycorrhizal 
with L*. laccata were in fact generally smaller than the non-mycorrhizal 
controls.
In contrast to this, the results of both experiments in this study indicate 
that when low inoculum levels are used, the process of infection may be a 
more gradual progression and hence, the nutrient drain placed upon the young 
seedlings is less severe. The consequence of this more balanced system is 
that the growth response of the seedlings is enhanced.
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These suggestions are supported by the results of a third experiment 
summarised in Table 9 and Fig. 19. Adequate watering of the seedlings in 
this study ensured better survival of the fungus and, consequently, an 
inoculum dosage of 88 CFUs was sufficient to cause almost 100% infection of 
the root system. Similarly, it can be seen from Fig. 19 that this total 
colonisation was maintained when higher inoculum levels were used.
The figures for the dry weight of the seedlings, however, again indicate 
that the best growth response coincides with the lowest inoculum level which 
produces seedlings with root systems 90-100% mycorrhizal and when higher 
inoculum doses are used, in this case 1440 CFUs, the growth response is 
significantly reduced.
In the final bioassay of T. terrestris a fumigated forest soil was used 
rather than the prepared loam, but apart from this, the experimental 
procedure was similar. The results given in Table 10 and Fig. 20 show that 
the infectivity of T. terrestris was very high, 48 CFUs.being sufficient to 
produce seedlings with 75% mycorrhizal short roots, and 150 CFUs resulting
in 100% infection. Thereafter, the root system is saturated ana further
! '
inoculum has no effect on the degree of infection.
Perhaps the most outstanding point arising from the forest soil study was 
the greatly increased stimulation in the growth of the treated seedlings 
relative to the control plants. Indeed, comparison of this with previous 
experiments reveals that the increase was caused by the dry weight of the 
inoculated trees being proportionately greater rather than the control 
seedlings being more stunted. Hence, it appears that the growth stimulating 
capacity of the mycorrhizal symbiosis was only partially expressed when the 
Sitka seedlings were grown in loam, but is more fully expressed when forest 
soil is used. Holden (1983) found similar results for this isolate of T. 
terrestris in a far more comprehensive study of this phenomenon and its 
possible causes.
Interestingly, the same deleterious effect of large inoculum levels on the 
dry weight of the seedlings observed in the previous experiments was also 
recorded m  6U cAse, anc} moreover, the effect appears to be more acute, again 
for unknown reasons.
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Fig. 19.
THE EFFECT OF DIFFERENT LEVELS OF MYCELIAL INOCULUM OF T. TERRESTRIS 
ON THE INFECTION AND GROWTH OF S. SPRUCE SEEDLINGS
PROPORTIONAL INCREASE IN DRY WEIGHT
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b) INOCULATION OF SEEDLINGS WITH L. LACCATA
Similar experiments to the above were repeated in loam soil using I*, laccata 
as the inoculant. The results of the first bioassay are shown in Table 11 
and Fig. 21 and these illustrate that the infectivity profile of this 
species was found to be very similar to that of T. terrestrisf with over 90% 
mycorrhizal short roots resulting from an inoculum of 63 CFUs. The degree 
of infection does not then change significantly until an inoculum level of 
804 CFUs and 2016 CFUs is used, which results in a significantly decreased 
level of infection and levels out at a value of 80% despite the addition of 
more inoculum.
L. laccata was also similar to £ l terrestris in eliciting a positive growth 
response in all of the inoculated Sitka spruce seedlings, and generally, as 
Fig. 21 shows, the degree of growth enhancement correlates well with the 
level of infectivity of the seedlings. As with previous experiments, a 
depression in the growth stimulation was observed when the level of inoculum 
used was high. This effect then has been found when each of the two 
ectomycorrhizal fungi have been used as inocula, which seems to indicate 
that it may be a widespread phenomenon. '
In addition, it is interesting to note that in this experiment the best 
growth response was observed with seedlings inoculated with a relatively 
high level of inoculum (250 CFUs). This may in fact, reflect another 
complexity in terms of growth response in that, if the level of inoculum 
used is too small, infection to the point where the root system is saturated 
is a slow process and, consequently, the potential growth stimulation is 
delayed. However, if the inoculum level used is too high, a depression in 
growth stimulation, resulting from the mycorrhizal roots acting as a 
nutrient sink (see above) may occur. In terms of inoculation, therefore, 
care must be taken in the amount of inoculum used so that the optimum 
balance is found between both rapid infection and good growth promotion of 
the trees.
The above experiment with L. laccata was repeated, but, unfortunately, 
inoculation was delayed and, consequently, the fungal culture had passed 
into stationary growth phase. This factor probably led to the differences 
between this (Table 12 ana Fig. 22) and the previous experiments. Thus, 
from Fig. 22 it is immediately apparent that the level of inoculum required
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for adequate infection is much greater, 500 CFUs being necessary to produce 
seedlings with 75% mycorrhizal short roots. Further increases in the 
inoculum dose failed to increase the level of infection.
This decrease in the infectivity of the fungus may once again reflect a 
reduction in the number of fungal particles capable of infecting a short 
root, even though they still have the capacity to produce a colony in pure 
culture. This disparity between what constitutes either a colony forming 
unit or an infective unit is vitally important, as the value of any 
commercially produced inoculum will depend on being able to correlate these 
two entities so that they are equivalent. Moreover, if the above 
assumptions are correct, it demonstrates the profound effect that the growth 
phase and general vigour of the inoculum has on its infectivity and this 
provides another variable which must be considered in ectomycorrhizal 
inoculum production.
The inadvertent use of poor quality inoculum in the last bioassay actually 
provides some very useful information regarding the relationship between the 
degr(ee of infection when it is below saturation level, and the growth 
response produced in the seedlings under these conditions. From Fig. 22 it 
is clear that the growth stimulation of the seedlings rises concommitantly 
with'the increase in the proportion of mycorrhizal short roots until the 
saturation level is reached and the root system is totally infected, when 
growth stimulation as the influence of the high initial inoculum density 
becomes more profound.
c) INOCULATION AT TIME OF SOWING
Several trials using both X*. terrestris and L*. laccata were undertaken where 
the inoculum was incorporated into the soil at the time of sowing the Sitka 
spruce seed. In all cases, the inoculum failed to infect the seedlings, a 
result also found by other workers (Walker pers. comms.).
Clearly, the reason for this is that the vegetative inoculum is unable to 
survive in the soil at least in an infective state during the period between 
the sowing of seed and the time when the seedlings are able to become 
mycorrhizal (about 7 weeks). In many ways, this inability to survive the 
harsh conditions of the soil, even when it is partially sterilised,
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illustrates the saprophytic inadequacies of these two ectomycorrhizal 
species, and attests to their symbiotic role.
In this respect, vegetative inocula patently differ from basidiospore or 
chiamydospore preparations where, not only does infection take place if 
inoculation coincides with the sowing of seed, but the degree of infection 
is greater than if inoculation is delayed until seedlings are produced (Lamb 
and Richards, 1974). This is not really surprising as one of the major 
functions of spores as resting structures is that they are able to survive 
until conditions are suitable for germination.
c) CONCLUSIONS
1. Both T. terrestris and L. laccata are infective when grown in submerged 
culture and, in fact, they appear to have very similar infectivity 
profiles, which is consistent with the results of Lamb and Richards 
(1974).
2. Until the root system is first saturated, the growth response of the 
seedlings correlates well with their level of infection. This is 
in agreement with the previous studies of Bowen and Theoaorou (1973) 
and Lamb and Richards (1974). However, an increase in inoculum 
density above that which is necessary to give 90-100% infection 
leads to a decrease in the growth response.
3. The degree of infection of seedlings depends upon:
a) Inoculum density.
b) Quality of inoculum.
c) Time.
d) Environmental conditions under which seedlings are grown 
especially with regard to soil moisture.
4. In contrast to the results of Lamb and Richards (1974), soil type did 
not appear to have a great influence on the level on inoculum needed for 
adequate infection, but did have a profound effect on the growth 
responses of the seedlings. However, as only two soils were used in 
this study, the validity of this assumption still needs to be confirmed.
In conclusion, it is suggested that the effects of differences in inoculum 
density and quality on both the degree of infection and the growth response 
of the seedlings is so profound, that the results of studies where the 
inoculum is not quantified and standardised must be treated with some 
caution. This is especially true in experiments where the effects of using 
different fungal inoculants on the infection and growth response of the host 
are investigated.
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PART G
FIELD TRIALS DEFINED INOCULA OF ECTOMYCORRHIZAL FUNGI
CHAPTER 8.
There is a wealth of literature describing various host responses which 
occur after mycorrhizal infection has taken place (Bowen, 1973; Lamb and 
Richards, 1971^ Mikola, 1973; Trappe, 1977; and others). The vast 
majority of these studies have been conducted on a small scale under 
greenhouse conditions. Very few large scale field inoculations have been —  
undertaken, especially with defined inocula. Those that have will be 
described below along with a few glasshouse studies, which are of particular 
relevance to the present study.
a) BARE ROOT SEEDLINGS
Some of the earliest field trials of defined ectomycorrhizal preparations 
were made by Marx and Bryan (1975), when laboratory grown PVM cultures of 
P. tinctorius were inoculated at time of sowing into fumigated nursery 
microplots seeded with Pinus taeda. At the end of the growing season the 
inoculated trees had 92% of their roots mycorrhizal with P. tinctorius. 
whilst the controls were 45% mycorrhizal with other fungi, mainly 
T. terrestris. The dry weights of the inoculated seedlings were over 100% 
greater than the controls (Marx and Bryan, 1975).
Following this promising start, more extensive trials were carried out at 
three different nurseries in the United States (Marx summary of
the results of these trials is shown in Table 13. Figures for only two of 
the nurseries are shown as, apparently, the other was insufficinetly 
fumigated, resulting in total failure of the tinctorius inoculum. V/here 
fumigation was adequate, however, the inoculum performed well, forming a 
major percentage of the mycorrhizas on the experimental seedlings.
Interestingly, at the Florida nursery, the control seedlings were 
mycorrhizal to the same degree, but with other species. This certainly 
indicated that P. tinctorius could compete well with naturally occurring 
fungi but, because there were no differences in growth response between 
treated and untreated trees, it also demonstrated that artificial 
inoculation may well be very difficult to justify in some cases.
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At the North Carolina nursery, the inoculation had a relatively greater 
effect with respect to the controls, both in percentage of short roots 
infected and growth response shown by the seedlings.
Further large scale trials were set up in 1975 where, in contrast to 
previous work, it became apparent that non-fumigated nursery beds could be 
successfully inoculated, although not as effectively as fumigated soil. 
Also, despite successful infection, no growth response was seen in these 
non-sterilised plots (Marx, 1980).
Finally, Marx and Altman (1979) introduced PVM cultures of P. tinctorius and 
T. terrestris into fumigated nursery soils, and found, at the end of the 
growing season, that inoculated seedlings were about 70$ mycorrhizal with 
the desired species. Also, the plants inoculated with JP*. tinctorius showed 
a better growth response than either the terrestris inoculated seedlings, 
or the controls. In fact, the controls were almost 50$ mycorrhizal with 
naturally occurring T. terrestris, so it was very difficult to assess the 
true effect of the terrestris inoculum.
Analogous results to those of Marx have been found in similar trials carried 
out in France (J. Garbaye pers. comm.). Picea excelsa and Pseudotsuga 
menzieii were inoculated with PVM cultures of Hebelorna cvlindrosporum in 
fumigated and non-fumigated field plots. 2 litres/m^ of inoculum was used 
and it was observed that adequate leaching of the PVM was essential for 
success.
Summarised results of the study revealed that significant growth responses 
(height only was measured) occurred after 4 months in the sterilised, but 
not in the non-sterilised, plots, where there was also little evidence of 
successful infection.
b) CONTAINERISED SEEDLINGS
A large proportion of the seedlings produced for the forestry industry in 
the United States and elsewhere are reared individually in small containers, 
rather than in bareroot beds. Trees grown in this way are know as 
"containerised'1. Preparation of these systems involves mixing and 
dispersing soil into the individual containers. Incorporation of inoculum
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at this stage would not be difficult and would ensure that each seedling 
received the same dose. For this reason it is generally believed that 
inoculation programmes are more feasible with containerised systems than 
they are with bareroot systems.
Consequently, a great many pilot scale inoculation trials have been 
performed on this type of seedling, again mainly by Marx, but also by Molina 
et al. (1Q7D. P. tindtoriusf produced both in the laboratory and also on a 
commercial scale by Abbott Industries (tradename "Mycorrhiz"), has again 
been the ectomycorrhizal species of choice.
A brief summary of all of these trials up to 1980 is shown in Table 14 where 
data have been condensed from the original publication of Marx eJt o -L fa w )  
Results from Table 14 include values for the "Pt Index"*. This is defined as:
Pt Index = % of seedlings with X ■ % of Pt short roots
Pt mycorrhizae % o f total mycorrhizal short roots
Marx, el-dO^^uggests that a value of 50 or above for the Pt Index 
demonstrates satisfactory inoculation, but clearly the higher the Index is, 
the better.
j
From Table 14 it can be seen that the IMRD inoculum had a Pt Index of about 
50 in all three trials, but the Abbott inoculum achieved a figure above 50 
only in the 1980 trial. It will also be observed that the growth response 
(dry weight) shown by the seedlings is negligible in most cases.
*Pt = Pisolithus tinctorius.
CHAPTER 9. EIELP TRIAL PREPARATIONS
a) .RATIONALE £F FIELD TRIALS
The value in terms of growth response of inoculating Sitka spruce seedlings 
with either X*. terrestris or.J**. laccata has been demonstrated under 
greenhouse conditions. However, the commercial production of 
ectomycorrhizal fungal inocula will only be realised if-the* infection and 
resultant growth response can be similarly achieved under field conditions.
Consequently, the objectives of this part of the project were to assess the 
effect of inoculating Sitka spruce grown under normal field conditions with 
both X*. terrestris and L*. laccata which had been produced by submerged 
culture. Clearly, however, the capacity to set up adequate field trials is 
totally dependent upon there being sufficient amounts of inocula available 
and indeed, lack of sufficient inoculum has been the main reason why so few 
field trials have been attempted. Hence, the preparation of field trials 
implicitly involves the scale up of inoculum production from a laboratory 
level to at least pilot plant scale.
Two field trials were undertaken in this study, the first in the Spring of 
1982 was at Tilhill Forestry Company (private nursery), Surrey. The second 
trial was in collaboration with the Forestry Commision and was set up in 
Spring 1983 at the Tulliallen Nursery, Scotland.
b) TILHILL FIELD TRIAL 
I INOCULUM PRODUCTION
This part of the project took place at the Tate and Lyle Pilot Plant in 
Reading.
The first attempts to produce large quantities of inoculum were a direct 
scale up of the laboratory process which was used at that time. Thus, a 
simple two-stage batch culture system was proposed whereby a 20 litre 
fermenter containing 18.5 litres of Medium 2 (see page£2.) would be 
inoculated with 500 mis of filamentous seed cultures and this in turn would 
then act as inoculum for the 200 litre fermenter.
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The initial series of fermentations which were set up in the 20 litre 
vessels all became contaminated very quickly and, seemingly, with the same 
organism - identified as Pseudomonas aauaeductum, a common water-borne 
bacterium. The environmental habitat of this organism indicated that the 
source of contamination may have been a leak in the drive shaft of the 
fermenters which were cooled and lubricated by unfiltered chilled tap water. 
Hence, the use of tap water was totally stopped, a modification which 
resulted in the cultures remaining aseptic for much longer periods;
Despite the contamination problem being at least partially alleviated, the 
growth of .1*. terrestris and L*. laccata was still very poor, due to extended 
lag phases, and the formation of pellet initials immediately growth started. 
The prolonged lag phase was thought to be due to both the seed inocula being 
in stationary growth phase at the time of use, and also the slow adaptation 
of the fungi to the more concentrated media used in these experiments. 
Similarly, it was believed that the rapid pellet formation was caused by the 
agitation of the culture being too great. Consequently, mid-logarithmic 
phase culture was used, the concentration of the medium reduced to that of 
the laboratory studies, and the stirring speed (of fermenter) decreased.
These modifications resulted in at least a partially successful 
fermentation of JL. terrestrisT the data of which are shown in Fig. 23. The 
graph shows that after a short lag phase there was a period of exponential 
growth lasting approximately 4 days during which the specific growth rate 
was 0.0205 h"^ (tp = 33.3 hrs), which is a value very close to the maximum 
obtained in laboratory studies. Also analogous with the laboratory 
fermentation was the deviation away from exponential growth early in the 
culture due to the formation of very small dense pellets.
Although the growth of the pellets did increase the total biomass of the 
culture, the rate of increase was very slow, at no time conforming to the 
cube root law normally expected of pellets. Examination of the cores of the 
pellets showed that there was extensive lysis of the hyphae, which would 
clearly cause a very significant reduction in the dry weight accretion of 
the culture, and consequently produce a considerably underestimated value of 
the true growth rate of the pellets. Indeed, at the end of the fermentation 
it will be observed that there was a negligible increase in dry weight, 
presumably because the rate of lysis of old mycelium was equal to the 
production of new growth.
Pelleted cultures of ectomycorrhizal fungi, then, were deemed very 
undesirable not only because they would result in the eventual inoculum 
having a low CFU/bioraass ratio, but also, as the above experiment 
demonstrates, the productivity of the pelleted fermentation would be low and 
moreover, large scale production becomes impossible if pellets are formed 
early on in the process because they are not self-generating entities.
At this time, laboratory studies were beginning to indicate the profound 
influence that high inoculum levels had on the morphology of H. terrestris 
and L. laccata when grown in submerged culture, especially with regard to 
pellet formation. Consequently, it was decided to abandon the simple batch 
culture method used above and adopt, instead, a system whereby fresh medium 
(a 1:1 ratio v/v with the existing culture) would be added to the culture 
at intervals, thereby eliciting a series of short duration batch cultures in 
which a very high inoculum level could be continuously maintained. It was 
hoped that the adoption of this system would delay pellet formation almost 
indefinitely.
The first experiments using this system were set up at Tate and Lyle, but 
contamination was again found to be a serious problem. Consequently, it was 
decided to switch production back to the University where, although there 
was only very limited fermenter capacity (a 5( litre and 12 litre vessel), 
contamination did not pose a serious problem.
The culture of terrestris took place in the 12 litre vessel where, 
initially, 1 litre of fresh medium was added to 1 litre of inoculum (1:1 
ratio). The ensuing growth was monitored by the usual parameters of dry 
weight and glucose concentration. However, it was desirable to add fresh 
medium to the culture before the onset of stationary growth phase, and 
necessitated an on-line estimation of the progress of the fermentation and, 
in the absence of more accurate methods, the demand for alkali by the 
culture was used. This was because it had been observed in laboratory 
fermentations that both fungi were acid producing in their growth phase and 
thus, if constant pH of the fermentation was desired, addition of alkali was 
necessary. Moreover, a decrease in the demand for alkali seemed to coincide 
with the end of the rapid growth phase of the culture. Thus the volumetric 
demand for alkali by the culture was monitored every 2 hours. Addition of 
fresh medium (1:1 v/v ratio of existing culture) was made approximately 6 
hours after the decline in alkali demand had begun. Hence, at this point a
secondary batch culture was initiated.
The results of growing T. terrestris using this system are shown in Table 15 
and illustrated in Fig. 24, where it can be seen from the dry weight plot 
that, due to the high inoculum level, there is only a two-fold increase in 
biomass by the end of the first period of rapid growth. By making a semi- 
logarithmic plot of the data, it will be observed that the increase in dry 
weight was indeed exponential, but because the period of non-restricted 
growth was short, it is probable that the culture attained its maximum 
growth rate only very briefly, if at all, with the result that the overall 
observed specific growth rate for the culture was low at = 0.0117 h”1 (tp = 
59 hrs). Nevertheless, the use of high inoculum levels greatly reduced the 
lag phase and, more importantly, there was little evidence of pellet 
formation at the end of the growth period.
The subsequent addition of fresh medium on the basis of the reduced demand 
for alkali by the culture, correlated very well with the end of the rapid 
growth phase as is demonstrated by the dry weight plot, and the usefulness 
of alkali addition as an on-line monitor of the progress of the fermentation 
is confirmed. Upon supplying the fresh medium, growth continued with only a 
slight lag phase, but for unknown reasons, the rate of growth was both 
erratic and generally slow, with no definite exponential phase being 
apparent (see Fig. 24). The reason for this is not known, as the fermenter 
and its attendant services appeared to be functioning normally. The only 
observed change was morphological, with the fungus changing from a 
filamentous to a floccular form, but this should not have affected the 
growth of the organism.
At the end of the second batch cycle, when the demand for alkali began to 
fall, fresh medium was again added in a 1:1 ratio, thus initiating the third 
period of rapid growth which was exponential in nature (see Fig. 24). 
Indeed, the growth curve produced was very similar to that obtained for the 
first period of growth, although the observed specific growth rate was 
somewhat lower at 0.0086 (tp = 80.5 hrs).
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An additional noteworthy trend from Table 15 is that the yield factor for 
glucose was consistently high in all three fermentations, indicating very 
efficient conversion of substrate into biomass.
At this point the 12 litre fermenter was full to capacity and, hence, 7 
litres of culture were harvested and the vessel refilled to 12 litres with 
fresh medium. The culture was then allowed to grow unmonitored and was 
eventually harvested after 6 days, where, there was evidence that both pellet 
and pigment production were beginning to occur.
The same system as above was used in the production of L. laccataT but due 
to the sample line rupturing and having to be tied off, no data were 
obtained from the run, which was carried out in a 5 litre fermenter. The 
initial inoculum level was 1 litre, and the culture was built up to 4 litres 
by two 1:1 additions of media in the same way as described for T. 
terrestris. Four litres was the operating capacity of the fermenter and, 
thus, a draw-fill system was used whereby 2 litres of culture was 
periodically removed and replaced with the same volume of fresh medium. 
This was continued until 18 litres had been produced, at which time the 
culture appeared to be in a fairly stable floccular form.
The/broth culture of both species was then harvested, and the biomass 
filtered out using a sieve, before being thoroughly rinsed through with 
sterile water to eliminate any carry-over of nutrients. At this point, 
biomass from several surplus seed inoculum flasks was added, before the 
total for each fungus was finally resuspended in sterile water to a volume 
of 35 litres. The finished inoculum was analysed for dry weight and CFU 
count, the results of which are given below:
Specifications of Inoculum
Dry weight 
g/1 CFU/ML
Theleohora terrestris 1.112 g/1 137
Laccaria laccata 1.97 g/1 187
Overall, the use of repeated batch culture or a similar system for the 
production of JL. terrestris and L*. laccata looked very promising Considering 
the fairly crude approach used above. The la . laccata culture could probably 
have been continued for much longer although with .1*. terrestris, pelleting 
would most likely have taken place in a fairly short space of time.
Doubtless, there is considerable room for improvement in the efficiency of 
the system which could probably be achieved without a great deal of further 
effort.
II FIELD PREPARATION 
Basic Forestry Practice
In the United Kingdom, bareroot seedlings are used almost exclusively for 
the production of Sitka spruce seedlings. The bareroot system is briefly 
described below:-
a) Seed is machine sown in April or May onto 1 x 50 metre seed beds. Where 
possible these beds are partially sterilised before sowing to eradicate 
pathogens and control weeds. However, in some areas, notably Scotland, 
the temperature remains too low for the chemical sterilant to be 
effective and, hence, the beds remain unsterilised.
b) The seedlings are generally grown in the beds for 1 year after which 
they are uprooted and "lined out" into transplant beds. This is 
essentially a thinning process which allows the trees more room for 
growth over the subsequent 2 years.
c) After this 2 year period (1 year is sometimes used) the transplants are 
uprooted by undercutting and transported to the forestry planting area.
Using the above system the aims of the field trial were as follows:-
1. To determine whether fermenter-grown liquid inoculum of II terrestris 
and L*. laccata is effective in the field, and to ascertain the inoculum 
levels required to secure adequate infection of Sitka spruce seedlings.
2. To investigate the effect of three fertilization levels on infectivity’ 
and growth response of the seedlings.
3. To ascertain the time at which inoculation is most successful
i) at time of sowing; 
ii) 8 weeks after germination; 
iii) of 1 year old transplant seedlings.
Preparation of the Seed and Transplant Beds
*
The beds were partially sterilised using "Dazomet11 - a chemical fumigant, 
which was applied 4 months before the time of sowing. The beds were then 
covered with polythene and left for 3 months to allow fumigant to permeate 
through the soil. The polythene was removed 1 month prior to sowing to 
allow any residual toxic fumes to escape.
Fertilization of the beds was carried out 3 weeks prior to planting. The 
'•full" fertilization level is the amount normally used at Tilhill Nurseries. 
The fertilization levels were:- '
full fertilization, 
half fertilization, 
no fertilization.
Ill METHODS OF INOCULATION 
Seed Beds at Time of Sowing
The randomised inoculated plots were 0.5 M2 in size, and were marked out 
with a prepared quadrat. The top 2-3 inches of soil from each plot was 
removed, and the inoculum was thoroughly dug into the 2-3 inches of soil 
lying beneath. The top soil was then put back in place. Thus, the inoculum 
lay in a band between 2 and 5 inches below the surface through which the 
seedling roots would have to grow.
Five different inoculum levels were used, 0.612, 1.25, 2.5, 5.0 and 10.0 
litres/m2 and one 0.5 m2 plot was used per treatment.
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The seed was stratified by soaking in 1:1 w/w water and subsequent storage 
at 5°C for 2 weeks. The seed takes up water and the enzymes become 
mobilised, which consequently reduces the germination time of the seed once 
it is sown.
A detailed illustration of the layout of the field trial is shown in Fig. 
25.
Seed Beds £ Weeks After Germination
The same inoculum levels and the same size area plots as above were to be 
used. The inoculum would have been drilled into the soil in close proximity 
to the growing roots (see pageiic).
One Year Old Transplant Seedlings
The seedlings were inoculated by pipetting the culture onto the tree roots 
just as they were being transplanted. The following inoculum levels were 
used: 2, 4, 8, 16, 32 mis per seedling. The layout of this experiment is
shown in Fig. 25. Unfortunately, it was found that most of the one year old 
seedlings were already mycorrhizal with naturally occuring T. terrestris. 
Hence, only i*. laccata was used in this part off the study.
IV RESULTS OF THE TILHILL FIELD TRIAL 
Seed Bed Study
The problems encountered in the scale-up of the submerged culture of Tr 
terrestris and L*. laccata resulted in the inoculation of the seed beds being 
delayed for one month. Unfortunately, when inoculation and sowing did take 
place, it coincided with a prolonged period of very hot weather which caused 
the death of a great many of the germinating seedlings and even those that 
did survive were very stunted and remained so. Assurances by Nursery staff 
had been given that the beds would be irrigated, but clearly this was not 
done.
Consequently, the seedbed experiment was abandoned.
transplant Seedlings
Samples of the transplant seedlings were examined after 10 weeks, however, 
there was no evidence of any infection by i*. laccata, the root system being 
dominated by the naturally occurring X l terrestris. It is difficult to 
ascertain from this result whether the lack of 1*. laccata mycorrhizae was 
due to a failure in the inoculum per se or a failure of this species to 
compete with T. terrestris for infection sites.
The Tilhill field trial was a failure. However, a great deal was learnt 
from this lack of success, which was acted upon in the preparation of the 
second field trial a year later at Tulliallan in Scotland.
c) THE TULLIALLAN FIELD TRIAL
I INOCULUM PRODUCTION
Production of inocula for the second field trial was again carried out at 
the Tate and Lyle Pilot Plant where the provision of recommisioned 
fermenters (both 20 litre and 200 litre) and also a greater knowledge of the 
growth characteristics of T*. terrestris and Ls_ laccata in submerged culture 
i made the scale-up process far more successful.
The sequential batch system used for the Tilhill study was again adopted 
here, the only modification being that the concentration of all of the 
constituents of Medium 2 (see page 2-*) were doubled. In contrast to the 
first scale-up attempt, this did not have any growth retardation effects on 
the fungus, because it was added in a 1:1 ratio at the end of a previous 
growth phase, resulting in the concentration of the nutrients in the broth 
being approximately half of that in the fresh medium.
This system for production was used at the Tate and Lyle pilot plant, and 
the results for L. Laccata are shown in Table 16 and Fig. 26. It will be 
observed from the first dry weight plot that, because of the heavy inoculum 
used, there is no significant lag phase and exponential growth takes place 
almost immediately (Fig. 26). The specific growth rate measured during this 
logarithmic period was 0.0167 h“l (tp = 41.5 hrs), which is slower than the 
maximum value which has been obtained for this organism. Possible reasons 
for this have been discussed earlier.
FOR USE IN THE TULLIALLAN FIELD TRIAL
TIME
(DAYS)
DRY 
WEIGHT 
(MEAN) g/1
LOGE x 
(MEAN)
GLUCOSE 
g/1 MEAN YIELD
COMMENTS
g  S l u c o Sc
O 0.855 -0.156 10.28 2 litres of Filamentous inoculum 
added to the 20 litre fermenter.
1 1.16 0.148 9.51 2 litres of fresh medium added 
to this.
2 1.98 0.68 7.0
0.374 Total volume = 4 litres.
4 3.76 1.32 2.12
6 4.32 1.46 1.15
9 4.5 1.50 0.54 ■<- End of first period of growth. 
Fresh medium fed into the 
vessel in a 1:1 ratio.
9 2.12 0.75 7.37 Total volume = 8 litres.
10 2.35 0.85 6.56
12 3.54 1.27 3.98
0.432
14 4.04 1.4 2.77
17 4.77 1.56 2.28
20 5.0 1.61 1.24 -b End of second period of rapid 
growth. Fresh medium added 
in a 1:1 ratio.
20 2.15 0.76 Total volume = 16 litres.
21 2.37 0.86
23 3.58 1.27
25 4.41 1.48
26 4.69 1.54 -b End of third period of rapid 
growth. Culture transferred 
to 200 litre fermenter with 
another 10 litres of similarly
26 1.89 0.63 grown inoculum, i.e. 30 litres. 
1:1 ratio of fresh medium added
27 2.0 0.693
.’•volume in 200 litre fermenter
28 2.26 0.815 = 60 litres.
29 3.00 1.1
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A decrease in the demand for alkali by the culture prompted a 1:1 addition 
of fresh medium (day 9) increasing the total volume of the culture to 8 
litres. From the dry weight plot though, it will be noticed that the 
decrease in the demand for alkali, in fact, occurs when the culture has 
already entered the stationary phase of growth. This illustrates an 
inaccuracy and disadvantage of the alkali control method, as ideally, so 
that process time is not wasted, the addition of fresh medium should occur 
at the end of the logarithmic phase which, in the above run, was after 5 
days.
The second period of rapid growth was rather different from the first, being 
much slower, indeed exponential growth was only very briefly evident (Fig. 
26). This may have been due to the decreased potential for unrestricted 
growth (before nutrients become limiting) resulting from the ’'inoculum11 
level effectively being very high, and indeed this is supported by the 
growth curve following the third addition of fresh medium where, again the 
exponential period of growth is very brief. The specific growth rate during 
this exponential period = 0.00937 h”  ^(tp = 73.9 hrs) which is again very 
much slower than the maximum growth rate obtained for this organism#
Interestingly, the latter portion of the third growth curve is not as 
protracted as the second, but it would probably have become so if allowed to 
continue until alkali demand decreased. However, the culture was stopped at 
this point as the 200 litre pilot fermenter was ready to be inoculated. The 
final volume of culture in the 20 litre vessel was 16 litres and this, 
together with a parallel culture (unmonitored) grown in a 10 litre vessel, 
comprised the inoculum for the second production stage in the 200 litre 
fermenter. Hence, the total inoculum was 26 litres to which 34 litres of 
fresh medium was added.
The subsequent growth of L*. laccata is depicted on the fourth curve of Fig.2.6 
where it will be observed that after a short lag phase, growth was beginning 
to take place. Unfortunately, at this point, a contaminant was detected in 
the culture. It was considered that as long as the contamination was 
detected early, the culture need not be wasted, as most of the unwanted 
organisms can be washed out during harvesting (bacteria and yeasts only) 
leaving only a small residual contamination which, because the inoculum is 
destined for the soil anyway, would not be harmful.
Consequently, the wjce^ L^ rvv was immediately rinsed thoroughly with deionised 
water and resuspended in distilled water. It was then used in the field 
trials as quickly as possible.
The same repeated batch culture system was used for T. terrestris. The 
results of the fermentation are given in Table 17 and shown graphically in 
Fig. 27, where it will be observed that, as with the previous, experiments, 
the growth rate in the first batch cycle is far higher than in subsequent 
repeated batches and, again this is probably due to the longer period of 
unrestricted growth in the first cycle. It is much more marked in this 
case, however, with the specific growth rate falling from 0.01986 (tD = 34.9 
hrs) obtained in the first growth period to 0.0086 h”  ^ (tp = 80.2 hrs) in 
the second cycle and at this value it appears to stabilise (see also Tilhill 
"scale-up").
Interestingly, the yield factor, as well as the growth rate, shows a decline 
in the second growth phase and this may well be due to an increase in the 
energy required for maintenance purposes. Certainly, the low ratio of 
biomass to available nutrients which occurs in the second and subsequent 
batch cycles, would mean that a relatively larger amount of substrate is 
used simply to maintain the existing growth rather than being utilised for 
new growth, and this would in turn result in a fall in the observed yield.
A similar decrease in yield occurred with the scale-up of H  terrestris for 
the Tilhill trial, which would lend support to the theory. In contrast, 
however, it did not appear to occur with L*. laccata.
At this point, the inoculum was required for the field trial at Tulliallan, 
and, hence, the above culture together with a parallel but unmonitored one, 
was harvested and prepared as described for .U. laccata.
The finished inoculum (40 litres of each fungus suspended in distilled 
water) was characterised in terms of dry weight and CFU count. (Due to the 
contamination CFU counts for laccata could not be made and, hence, 
microscopic counts of obviously viable particles were made). The results 
are given below:-
TABLE 17 SCALE-UP OF T. TERRESTRIS INOCULUM PRODUCTION BY SUBMERGED CULTURE
TIME
(DAYS)
DRY 
WEIGHT 
(MEAN) g/1
LOGE^x
GLUCOSE 
CONC. g/1
YIELD ,
q  CjUlCOSfe
y
r
0 0.83 -0.186 11.29
1 0.96 -0.04 10.51
2 1.37 0.315 8.90
3 2.45 0.90 6.10 0.368 0.01986
4 3.89 1.36 2.05
6 4.65 1.54 0.3
8 4.92 1.59 0.18
8 2.56 0.94 7.98
9 2.81 1.03 6.31
10 3.42 1.23 5.49
11 4.25 1.45 3.80 0.328 0.00864
12 4.76 1.56 2.10
14 5.01 1.61 0.80
15 4.86 1.58 0.50
15 2.35 0.85 -
16 2.38 0.87 -
17 2.45 0.9 -
18 2.90 1.06 -
0.086
19 3.57 1.27 -
20 4.30 1.46 -
21 4.45 1.49 -
23 4.01 1.39 —
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Dry weight 
g/1 CFU/ML
Thelephora terrestris 2.85 102
Laccaria laccata 3.84 163
II FIELD PREPARATION
The objectives and outline plan of the Tulliallen Field Trial were virtually 
Identical to the Tilhill Trial, except that inoculation of one year old 
transplants was not attempted, and a different method of inoculation of 
seed-beds was used.
The successful inoculation of seedbeds at the time of sowing was in doubt, 
as laboratory studies had indicated that mycelial inoculum does not survive 
in the soil during the period between seed germination and the appearance of 
the first short roots. Hence, inoculation took place 8 weeks after sowing, 
using the injection device illustrated below:
tNocucuri
ft fUn St-X LATERAL ZB.TS
cwfteCjt iwtg__
ILfcSfctfoifiL — ■
CcAfce.^ a CjJ sAcfe')
The probe of this applicator was plunged into the seedbed to a depth of 
approximately 3 inches, this being the depth where most of the short roots 
of the seedling would occur. Inoculum was then forced out through the 
lateral jets onto, or near to, the root systems of the seedlings (see 
below).
A 1 m x 1 m quadrat was constructed with a grid consisting of 10 cm x 10 cm 
squares. 20 mis of inoculum wa-s incorporated into the seedbed for each 
square and, thus, a total of 2 litres of inoculum was used per m^ of 
seedbed.
Ill INITIAL RESULTS
The effects of inoculation are to be assessed by Dr C. Walker of the 
Forestry Commission. From recent communications it appears that successful 
infection of treated trees has occurred. These provisional indications will 
be substantiated by Dr Walker in the near future.
CHAPTER 10. CONCLUSIONS - THE FEASIBILITY OF LARGE-SCALE INOCULATION OF 
TREES WITH ECTOMYCQRRHIZAL FUNGI
a) EVALUATION OF ACTUAL PRODUCTION COST
Using the data contained in this study it is possible to evaluate the 
approximate cost of producing commercial quantities of ectomycorrhizal 
fungal inoculum, assuming that the scale-up process, which has already been 
successful at the 100 litre level, can be increased to 1000 litres with no 
further modifications. The organism used in this assessment is U. laccata 
and the host tree is P*. sitchensis.
I FERMENTATION
In the scaled-up production of inoculum for the Tulliallen Field Trial, it 
was found that:-
1 litre of fermenter broth contained 3.0 g dry weight of mycelium.
After harvesting, and repeated washing, this broth was concentrated to 66% 
of its original volume. At this point the dry weight was re-measured at 
3.84 g/1, which gives an actual loss (through harvesting and washing) of 0.7 
g/1 on the original broth. The CFU count at this point was 163 x 1o3/litre, 
which, if related back to the original fermenter broth, gives a CFU count of 
108 x 103 per fermenter litre.
From infectivity work, it was found that 200 CFU inoculated per seedling was 
sufficient to produce >90% infected short roots.
Inoculation of Containerised Seedlings
It is assumed that the above level of inoculation would be required for 
containerised seedlings.
Hence, for every production litre of broth 540 seedlings would be 
inoculated.
In addition, it is suggested that the typical production batch would be 
1,000 litres and that the running time of the fermentation would be 12 days. 
The total cost of operating a 1,000 litre fermenter (does not include 
payback on initial cost of installing plant) for 12 days would be £3,500 
(Pfizer Limited pers. comm.).
Hence, cost of inoculation at the end of the fermentation stage would be 
£0.65 per 100 seedlings inoculated.
II DOWNSTREAM PROCESSING
In the production of liquid inoculum for almost immediate use, downstream 
processing would be minimal. The mycelium would be concentrated into a 
thick slurry to reduce weight and volume. It would then be transported in 
this form as quickly as possible and made up to the original volume at the 
place of use.
III OTHER COSTS
Other costs would include packaging, transport, marketing, overheads of 
production company and profit margin. It is estimated that this would 
approximately triple the original production cost (A. Burdon, Management 
Consultant per. comm.).
Thus, the commercial price for liquid inoculum of L*. laccata would be £2.00 
per 100 containerised seedling inoculated, or 50 seedlings per pound 
sterling.
Inoculation of Bare Root Seedlings
Most forest tree seedlings produced in Britain are done so in bare root 
nurseries. In this system, rows, normally 50 x 1 metre are sown with a 
large number of seeds of the required tree. These seeds are then left to 
grow for one year, by which time a "lawn" of young trees has been produced. 
At this point, the seedlings have become rootbound and, hence, they are 
removed to "transplant1 beds where the planting density is approximately 50 
seedlings/m2.
The trees are then left to grow in the transplant beds for 1 or 2 years; 
following which, they are removed for outplanting on the forest site.
In this system, inoculation would be done either in the seedbed 
approximately 8 weeks following sowing or at time of transplanting. The 
cost of inoculating 1 year transplants (per seedling) would be virtually the 
same as for containerised trees.
In contrast, the cost of inoculation of the actual seedbed is more difficult 
to estimate as the amount of inoculum required would greatly depend upon the 
method used to treat the seedbed, e.g. the "applicator", used in the 
Tulliallen field trial.
b) IS INOCULATION NECESSARY?
Undoubtedly, the inoculation of either containerised or bare root seedlings 
would constitute a significant additional cost to the nursery which would 
inevitably be passed on to the forester.
In the case of bare root seedlings, the wisdom of inoculation becomes 
doubtful considering that, at the time of outplanting, the seedlings are 
drastically undercut, resulting in a significant portion of the mycorrhizal 
root system being left in the nursery bed. In addition, the exposed roots 
are often allowed to dry out, which again results in the loss of 
mycorrhizae. Such nursery practice would tend to reduce the success of
inoculation and would need to be amended.
)
In contrast, the system of producing individual "containerised" seedlings is 
much more amenable to inoculation. This is because
a) Practically, inoculation would be easier and more sure of success.
b) As individual trees are inoculated, the system is very adaptable in 
terms of numbers of trees inoculated and variety of fungal species used.
c) The root systems are intact at the time of outplanting, thus ensuring 
maximum benefit from inoculation.
Although, theoretically, there is a sound basis for the inoculation of trees 
in most planting situations, the difficulty of detecting significant 
benefits to the tree, especially in the short term, makes the advantages of 
inoculation a far-sighted commitment.
Initially, it appears, inoculation will only be taken seriously by foresters 
if there is a particular problem of poor establishment and/or growth rate on 
the outplanting site. It is in these areas that inoculation programmes- 
should begin.
Prior to inoculation, as much data as possible should be obtained on the 
climatic and soil conditions pertaining to the site, together with possible 
reasons for the poor performance of the trees. Using this information, the 
best available inoculant(s) for the site can be chosen.
If inoculation is then to proceed, it is essential to be able to produce on 
demand, and in a reasonable time, sufficient quantities of high quality 
uniformly infective inoculum. Inoculation of containerised seedlings 
destined for the site would then take place.
It is suggested that, if this rationale is followed, the success rate of 
inoculation would be far greater. Similarly, once the advantages of 
inoculation are proven in an adverse forest site, the benefits of 
inoculation on less extreme sites would become more apparent.
125
PART D
THE FORMULATION OF ECTOHYCORRHIZAL INOCULUM
CHAPTER 11. INTRODUCTION
In the seele-up of ectomycorrhizal fungi from a laboratory level to a 
marketable product there are essentially two major problems. The first of 
these is the scale up of biomass production per se and has been dealt with 
in the above section. The second is the manipulation of the biomass into a 
form which has the following characteristics:-
Shelf life - the fungus must be preserved in a viable and infective form 
for a reasonable length of time (e.g. 3 months).
Practicality - the preparation must be in a form which can be easily 
incorporated into existing forestry practice.
There are many methods of storing fungi in a viable form and the general 
principles involved are evident in the several different ectomycorrhizal 
preparations which exist and which are described below.
/
a) STORAGE AND PRESERVATION OF FUNGI
The preservation of viability of fungi can be achieved in two ways (Onions, 
1982).
Continuous metabolism. With this method the metabolic rate is kept 
high, but this necessitates frequent sub-culturing, normally every 4-6 
weeks (Onions, 1982). Alternatively, metabolism can be drastically 
reduced, but not stopped. Examples of this include storage at 4°C 
(most cultures at the Commonwealth Mycoiogical Institute are kept like 
this - Onions 1982), or storage under mineral oil, which slows growth by 
limiting gaseous diffusion (Perrin, 1979).
Similarly, storage in sterile water has been found to be a very good way 
of preserving fungal cultures, especially those which do net produce 
spores. Ellis (1979)> maintained many species within the
Enteromophthorales, Pyrenomycetes, Hymenomycetes, Gasteromycetes and 
Hyphomycetes for up to 20 months in water culture. These were isolates 
which either did not spore or were sensitive to lyophilization. Water 
storage has also been used to preserve various ectomycorrhizal fungal 
cultures for up to 2 years (Marx and Daniel, 1976).
Suspended metabolism. These methods involve a temporary cessation of
metabolism from which the organism can later be revived. Freeze drying
is an example of a method resulting in suspended metabolism, and is 
probably the most popular method of preserving fungal cultures (Onions, 
1982). However, it is generally more suitable for sporing cultures, 
e.g., Steel (1975) successfully freeze dried basidiospores of the
ectomycorrhizal fungus Laccaria laccata but this is not possible with 
the mycelium of the fungus (Plummer, unpublished results).
Storage in liquid nitrogen is another widely used preservation method and 
has the advantage of being suitable for all groups of fungi with little or 
no- loss-of-viability.- However, protectants such as glycerol and 
dimethylsulphoxide sometimes have to be added upon freezing to the more 
delicate fungi such as basidiomycetes (Hwang and Howells, 1968).
b) ECTOMYCORRHIZAL FUNGAL FORMULATIONS
Several inocula of ectomycorrhizal fungi have been produced, which can be
classified into two major types
I UNDEFINED INOCULA
These are usually crude preparations comprising mixtures of various species 
of symbiotic fungi, together with other soil microorganisms, possibly 
including pathogens, and also weeds.
Soil and Humus Inocula. This involves the addition to nursery beds of 
soil or humus which contains ectomycorrhizal fungi. Mikola (1973) 
stated that this was by far the most extensively used method of 
inoculation ana is a system which has been successfully used in the 
Soviet Union and Puerto Rico. However, it has several major drawbacks, 
including the need to use at least 10% by volume of inoculum to ensure 
adequate infection. On a commercial scale, this would be impractical. 
Also, the inocula would contain a wide variety of different fungi, at 
least some of which may not be of benefit to the tree.
Seedlings or Excised Roots. In these methods either excised mycorrhizal 
roots are incorporated into nursery soil at the time of seeding 
(Levisohn, 1958) or whole mycorrhizal seedlings are planted at 1-2 metre 
intervals within a plot of non-mycorrhizal plants (Mikola, 1973). Both 
of these systems have been used successfully, but they tend to have the 
same disadvantages as the soil and humus inocula.
II DEFINED INOCULA
i
The use of specific ectomycorrhizal fungi in inoculation programmes is a 
significant advance in that only known species are used. This allows a much 
greater degree of control over the preparation, and also, pathogens and 
weeds no longer present a problem.
Spore Inocula. Spore inoculum is potentially the most practical method of 
large scale inoculation as there is no growth stage involved in its 
production. In addition, it has little bulk and may be readily stored, but 
can, when necessary, be "bulked out" with a formulant.
Chopped up sporophores, or simply basidiospores themselves, have often been 
used as inoculants (Theodorou and Bowen, 1970; Marx and Bryan, 1975). 
Theodorou and Bowen (1970) coated seed of Pinus radiata with an aqueous 
suspension of basidiospores of Rhizooogon luteolus. The seeds were then 
either sown fresh, or air dried and stored at 2°C for 2 days. In addition, 
spores which had been freeze dried for 3 months were used to coat seed. 
This was the first real attempt at formulation for spores and proved to be 
very promising. The seeds which were sown fresh required 3 x 10^ 
spores/seed for maximum mycorrhizal infection, whilst the air dried seed
128
preparation need 10 times, and the freeze dried 100 times that amount to 
provide the same infectivity.
These results are important as they show that basidiospores can be 
successfully freeze dried, which obviates the need for fresh sporophores at 
the time of inoculation. Moreover, the effective coating of the seed with 
spores is most encouraging as this is probably the ideal formulation.
Unfortunately, there are also several inherent drawbacks with spore inocula. 
Marx and Bryan (1975), applied basidiospores of Pisolithus tinctorius to 
soil containing 2 month old Pinus spp. seedlings. The results were 
disappointing and Marx (1980) has shown that this was almost certainly due 
to delayed germination of the spores with a consequent lag of 2 months in 
the infection process. This may well pose a serious problem in unsterilised 
soils where competition is fierce.
Other problems include the inability, at present, to test the viability of 
basidiospores by germination, making inoculation hazardous, and also 
basiaiospore inocula are not available unless the fungi actually fruit,, 
which many mycorrhizal species do not.
In addition, the source of basidiospore inocula are the sporocarps of the 
fungi, collected from the field, which does not present any difficulty in 
profusely fruiting species such as £*. tinctorius and JL. luteus. which also 
produce large numbers of spores in a virtually closed sporocarp. However, 
collection of adequate amounts of spore inoculum becomes a profound problem 
with species which fruit only rarely, or not at all.
The production of sporocarps in vitro would provide the ideal solution to 
this problem, but unfortunately, the very complex mechanisms of fruiting 
have only recently been elucidated for Basidiomycetes, such as Coprinus 
laeopus and Schizophvllum commune (Schwalb and Miles. 1978) and similar 
success with mycorrhizal fungi seems a long way off. Despite this, a 
largely empirical approach to sporocarp production, as used with Agaricus 
bisporusf may be rewarding.
Mvcelial Inocula
Mycelial inocula have two major advantages over all other preparations:-
a) Infection of roots is fast and reliable.
b) Production of inoculum can be controlled and manipulatea within a 
laboratory environment.
For these reasons, it is generally felt that mycelial cultures hole the most 
promise for eventual widespread inoculations (Bowen, 1965; Marx, 1977; 
Mikola, 1973).
Moser (1958a,b) pioneered the development of methods for producing large 
Quantities of mycelial inocula that (described elsewhere) have been widely 
adopted. The formulant in Moser’s inoculum was peat moss, a substrate 
which, besides protecting the hyphae, was also responsible for maintaining 
the pH of the preparation between 4.0 and 5.8. Recently, peat has also been 
found to contain a stimulant to the growth of Pisolithus tinctorius and 
possibly other fungi (Marx, 198*9.
The production of commercial mycelial inocula is a problem which, .since 1966, 
has been tackled almost exclusively by D.H. Marx and his co-workers.
i
Consequently, much of the progress made in this area results from his 
efforts.
j
Initially, inocula of Pisolithus tinctorius, Theleohora terrestris and 
Cenococcum eraniforme were grown using media soaked cereal grain, which 
acted initially as the nutrient source for the fungus and then as the 
formulant for the inoculum. However, this system was very quickly found to 
be totally unsuitable as, once in the soil, both the grain and the fungus 
were completely overgrown by saprophytes (Marx, 19801.
Thus, an inert carrier system was necessary and, as such, various substrates, 
such as perlite and sand, were considered. However, by far the most suitable 
formulant was found to be vermiculite (expanded mica), which is not only
 inert, but also its laminated structure allows fungal hyphae to ramify
between the layers, so increasing the protective effect. Indeed, there is 
evidence that it is the hyphae contained within the layers which are of most 
consequence in the infective process, as much of the surface growth is either 
damaged during inoculation, or does not survive the soil environment (Marx, 
Peat is usually included in the inoculum because of its pH buffering 
capacity and the formulation is abbreviated to PVM.
PVM inoculum is used commonly on a laboratory scale by many■ mycorrhizal 
workers and its success led Abbot Industries to adopt this formulation, and 
scale-up the production of Pisolithus tinctorius to a commercial level 
(Marx aJ. • I1S1)
The Abbot inocula marketed as Mycorrhiz^ performed very poorly in trials 
carried out in 1977 and 1978, but the reasons for this are unknown as no 
analysis of the preparation was undertaken. Subsequently, improvements were 
made in the fermentation process /and, in addition, analyses
for quality were made on the product in which several variables were 
assessed. The results of this analysis are shown in Table 18 from Marx 
f i * J L ( 1 9 8 2 ) .
A significant advance for the formulation was the ability to dry the PVM 
down to a moisture content of 12-20% without loss of viability. Drying was 
with air at 25-30°C and the resultant product could be stored for 5 weeks at 
room temperature, and at least 9 weeks at 5°C (Marx and Rowan, 1981). 
Drying also substantially reduced the bulk of the inocula, but increased its 
ease of application. Again, the consistency of vermiculite was found to be
i
of utmost importance, as mycelia grown on cereal grains, or perlite, could 
not be successfully dried (Marx, 198,0).
Since the Mycorrhiz^ preparation is not homogenous, two viable propagule 
counts were made to assess the infectivity provided by the large particles 
of PVM as against the smaller fragments. These counts revealed perhaps the 
most striking aspect of Table 18 where the laboratory produced inoculum was 
found to contain only 2 viable units of P. tinctorius per gram, compared 
with 2 x 105 contaminants. This result appears to be totally inconsistent 
with the infectivity of this particular batch of IMRD which was very good 
(see page/$.
The total number of propagules in the Abbott inoculum was both much higher
  than in the IMRD inoculum and was fairly constant over a range of different
batches, indicating good reproducibility of the production system.
The analysis of residual glucose in Table 18 shows that it tends to vary 
from batch to batch but, in all cases, it is relatively high. Marx et 
al.(1Q82) states that this level of residual glucose produces a more 
effective inoculum than if the PVM is totally leached, which suggests that
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the £*. tinctorius may well still be actively growing, especially within the 
vermiculite. However, the higher the residual glucose, the greater will be 
the contamination load, which will detrimentally affect the inocula, indeed 
Marx found that this occurred when the inoculum was not leached at all. 
Moreover, inadequately leached inoculum may carry over nutrients, such as 
phosphate, into the soil.
Marx .et aJL. (1982) summarise fckeir work by saying that viable mycelial 
inoculum of £*, tinctorius in a PVM formulation can be produced on an 
industrial scale. However, the feasibility of producing such a product is 
still in doubt for the following reasons:-
a) Process time is very long (approx. 2 months) and very large volumes of 
PVM are involved.
b) The fermentation cannot easily be monitored or controlled.
Litchfield and Lawhorn (1981) appear to have overcome the first difficulty 
with a system for the growth of P. tinctorius and T. terrestris in aerated 
liquid culture, which has a process time of 30 days. The method of 
production is similar to that of Marx (1980) in that the fungi are initially 
grown in submerged culture. However, dfter this stage, vermiculite is added 
to the stirred fermenter where it acts as a nucleating site for the mycelial 
particles, which attach to, and then grow in and around it. Growth around 
the vermiculite fragments eventually results in a pellet being formed, which 
can apparently be freeze dried with no loss of viability.
The ability to freeze dry these pellets, together with the decreased time 
and increased control of the fermentation process, make this a considerable 
advance on the Abbott system. However, the disadvantage of this method is 
that pellet formation is wasteful, considering that, on inoculation, each 
pellet is essentially only one infective unit, and where the rationale 
behind successful inoculum production is to achieve the maximum number of 
infective units per unit biomass.
This problem becomes magnified as the continually stirred production method 
makes it likely that only a relatively small number of pellets are produced 
per unit volune of fermenter capacity.
In both of the production methods mentioned above, vermiculite is not only 
the eventual formulation for the inoculum, but an integral part of the 
fermentation process, and, therein, lie two unavoidable drawbacks
I) Production involves very large volumes.
II) Fermentation is largely uncontrolled.
A solution to this would be the incorporation of a different formulant, 
which had the advantages of vermiculite, but which could be added at the end 
of the biomass production stage. In this way, almost total control could be 
achieved throughout the process and large volumes would not be a problem at 
the costly production stage. In addition to this, the formulant would have 
to be cheap, reliable and practical.
c) THE IMMOBILISATION OF VIABLE WHOLE CELLS IN GELS
In recent years it has become possible to suspend viable cells successfully 
in various polysaccharide and protein gels. Although the technology of cell 
entrapment is still in its youth, these gels can potentially meet all of the 
requirements of a mycorrhizal formulant.
I TYPES OF GEL
CUieLLWvvt (1Q80) lists the following gels as having been used to entrap whole 
cells:-
Collagen, gelatin, agar, alginate, carrageenan, cellulose, triacetate, 
polyacrylamide and polystyrene.
Of these, polyacrylamide is the most widely used, where whole cell enzyme 
activity, rather than actual cell viability, is desired. The gelling 
process with polyacrylamide is usually rather harsh due to heat generation 
and the denaturing effect of the acrylamide monomer, and this normally 
results in 10—40% of the enzyme action and all cell viability being lost.
Milder gelling methods have obviously been developed, 
however, as in one process, the mycelium of Curvularia lunata has been 
immobilised and then revived after a period of storage (Cheetham, 1980).
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Generally though, carrageenan and alginates are considered to be more 
suitable for maintaining viability, especially of the more delicate cellular 
types. This is because the gelation process, especially of calcium 
alginate, is very gentle, involving no heat, pH changes, or addition of 
harsh gelling agents. Indeed, even fragile plant cells have been 
successfully immobilised in alginate (Brodellus et al., 1979).
The gel formation of alginate is an example of the polymerisation of 
polyelectrolytes by muitivalent ions. Sodium alginate can be gelled by 
calcium ions forming a linear block co-polymer of P-mannuronic- and 
_-L-guluror:ic acids. A uniform highly microporous structure is formed, which 
retains molecules and particles bigger than the pores, but otherwise allows 
free diffusion. Hence, most usual media constituents are small enough to 
diffuse through the gel. The only disadvantage of alginates is that 
moderate concentrations of calcium chelating agents, such as phosphate and 
EDTA, disrupt the gel by disrupting the Ca^+ linkages.
Similarly, a disadvantage of all immobilised cells is that they have only a 
limited lifespan within the gel. Cheetham (1980) believes that this is
i
because the cells, once entrapped, can be considered to be in an artificial 
stationary stage of growth, due to, either lack of nutrients or lack of 
space for cell division. Thus, success of gelled preparations ultimately 
depends on the longevity of the cells, which should be maximised.
II THE USE OF POLYSACCHARIDE GELS AS INOCULUM FORMULATION
Most entrapped whole cell preparations have been used essentially as 
immobilised enzyme systems. Recently, however, the use of gels as 
formulants for microbial cells destined to be used as inocula, has been 
introduced. Dommergues et*. al. (1979) entrapped and maintained viable cells 
of Rhizobium iaponicum in polyacrylamide gel in an attempt to produce an 
alternative formulant to peat.
The viability and infectivity of the rhizobia were compared when embedded in 
both wet gels and gels which were air dried for 3 days. It was found that 
the wet gel was as effective a formulant as peat, and if kept in saline the 
cells remained viable for at least 30 days. Drying of the gel, however, 
severely reduced cell number.
Rhone Poulenc Industries (1979) had greater success. Again, Rhizobial cells 
were immobilised, this time in a variety of gels, including polyacrylamide, 
alginate, carrageenan and xanthan gum + carob seed flour. With wet gels in 
sterile saline, the Rhizobia remained viable for at least 6-8 months. Cells 
entrapped in air dried gels (water content approx. 1.5%) varied greatly in 
viability, and this depended on the strain of Rhizobium iaponicum and the 
type of gel used. It was notable that the most effective gels were 
carrageenan and, more especially, alginate, which caused only minimal loss 
of viability of the Rhizobia strains over a 60 day period.
There are no published data on the immobilization of ectomycorrhizal fungi 
in polysaccharide gels, but the successful formulation of fairly fragile 
Rhizobial cells makes this technique a promising alternative to peat- 
vermiculite.
CHAPTER 12. MATERIALS AND METHODS
a) ORGANISMS
The same isolates of X*. terrestris and L*. laccata were used in this study as 
have been used previously.
Filamentous cultures were grown in stirred 1 litre conical flasks as 
previously described on pagerzw. Floccular cultures of Li. laccata were grown 
in 1 litre fermenters using the necessary growth conditions to obtain this 
morphology, i.e. low agitation rate and high inoculum level (see page^o
Although floccular growth was a more transient morphology in X*. terrestris.
the mycelium at the end of the exponential phase in stirred fermenters 
tended to be of this morphology, and it was consequently harvested at this 
point unless otherwise stated.
b) THE IMMOBILISATION OF FUNGAL MYCELIUM
Sodium alginate, trade name *Manucol DX1 was obtained from Alginate 
Industries, London. This product was found to be virtually sterile when 
first opened and this condition could be maintained if aliquots Iwere removed 
aseptically. If necessary, it can be sterilised with gamma-radistion, but 
it does lose some of its gelling capacity as a result. Calcium chloride 
was analytical grade from BDH Chemicals.
I PREPARATION OF CELLS
Cultures were centrifuged at 1500G for 10 minutes after which the pellet was 
washed with sterile water and resuspended back at 1/4 of its original volume 
into the relevant sugar solution, broth supernatant, or sterile water. 
Colony forming unit counts were made at this point by pipetting and 
spreading aliquots of the culture onto MMN media plates.
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II PREPARATION OF ALGINATE GEL
Sodium alginate was added to the same volume (1/M of original broth) of the 
relevant immobilisation solution as were the cells. This was then left to 
stand with occasional stirring until a homogenous paste had formed (about 2 
hours), after which the 1/M volume of suspended mycelia was added and 
thoroughly, but gently, mixed in. Thus, the final volume of the 
alginate/mycelium slurry was half that of the original broth.
The paste was then immediately taken up into a sterile 50 ml syringe and 
quickly extruded into a rapidly stirred solution of sterile 0.75% calcium 
chloride. Initial gelling was almost instantaneous, but the gel was allowed 
to harden for the following 15 minutes during which time fresh CaCl2 was 
added.
The finished gel was rinsed and then allowed to soak in sterile water for 15 
minutes to remove any unused calcium chloride.
The strands of gel were then removed and asepticaily cut into cylindrical 
particles 2mm long with a 1 mm diameter using a series of sharp cutting 
edges, illustrated below:
Qkwsi. pisteD
/ .  A n&Tftt &ic>c.fe. At
M urinntm tim m
RAa.o£ &UA&C.
AucjiKinrre s t il a m D
The finished particles were then placed on sterile filter paper to remove 
surface water, after which they were put into sealed sterile petri dishes 
and stored at M°C unless otherwise stated.
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Ill DETERMINATION OF THE NUMBERS OF COLONY FORMING UNITS IN THE ALGINATE 
"BEADS"
The actual number of colony forming units (CFUs) contained in any one 
alginate particle was assessed by placing the particle in a sterile solution
of 0.15 M KH2PO4 and leaving overnight. The phosphate breaks down the 
linkages in the alginate, either liquefying it, or, if a concentrated gel 
is used (100 g/1 alginate) disrupting the integrity enough for the pellet to 
be spread onto an agar plate. (It was assumed that a 0.15 <3 solution of 
KH2PO4 would not in itself cause loss of viability to the fungal mycelia. 
However, this was not proven experimentally).
c) VIABILITY AND INFECTIVITY OF THE ALGINATE BEADS
1
I DETERMINATION OF INFECTIVITY
For each treatment in every experiment, 60 alginate beads were plated ou^ at 
each sampling time, 12 beads per plate.
The plates were incubated at 20°C for 3 weeks after which the number of 
alginate pellets which had germinated to form a colony was counted.
II DETERMINATION OF INFECTIVITY 
Inoculation of Seedlings
The floccular growth form of both fungi was used in these studies. 
Immobilisation was in sterile water to obviate any interference from 
nutrient carry-over. In all cases, the alginate inoculum was used 
immediately after the mycelia had -been immobilised. The actual number of 
colony forming units in each bead was determined by the method described 
cdUeve* Controls were inoculated with beads containing no fungal mycelia.
Sitka spruce seed was sown onto sterilised peat and allowed to germinate and 
grow until the seedlings were approximately 6 weeks old, at which point they 
were transferred from the peat into 5 inch (top diameter) pots containing
steam sterilised loam. The alginate beads were placed around the immediate 
zone of the root system as illustrated below:
The seedlings were then left in the greenhouse (for conditions see page 7*t 
and grown for 2 months after which they were harvested and examined for 
percentage mycorrhizal short roots, as described on page 7^ In all studies 
there were 3 seedlings per pot and 5 replicate pots per treatment.
Inoculation of Seed
The alginate inocula were thoroughly mixed into the top 3 inches of soil 
contained in 10 inch pots. Seed was then sown onto the surface of the soil 
at approximately 40 seeds/pot. These were then allowed to germinate and, 
after one month, the resultant seedlings were thinned down to 15 per pot, 
which were subsequently left to grow for a further 2 months before 
harvesting and analysis.
flocT
CHAPTER 13. RESULTS AND DISCUSSION
The overall objective of this work was to produce a ncarrier" substrate for 
mycelial particles of ectomycorrhizal fungi. This carrier system must 
satisfy the following requirements
a) When incorporated into the formulation, the fungus must remain viable 
and infective for a reasonable period - minimum 3 months.
b) The formulation must-be cheap and easy to prepare.
c) The preparation must be of a form that can be easily incorporated into 
existing forestry practice.
Choice of Formulant
Sodium alginate was chosen as a promising potential formulant for the 
following reasons:-
i
1) It is not involved in the production stage of the biomass, the fungus 
being incorporated into the gel after being harvested from the 
fermenter.
2) The gelling process is very gentle - of considerable importance when 
dealing with fragile vegetative cells.
3) Sodium alginate is versatile, inexpensive, and has been extensively used 
in other whole cell immobilisation studies.
After a small amount of preliminary work, the following criteria were judged 
to be important to the production of a successful formulation.
a) THE EFFECT OF IMMOBILISATION ON THE VIABILITY OF THE MYCELIAL PARTICLES
It is clearly desirable to relate the viability and quantity of immobilised 
mycelia to the original fermentation broth, so enabling extrapolation of the 
inoculum production process from fermentation liquor right through to the 
finished product. Also, the effect of immobilisation on the mycelia can then 
be accurately quantified. To this end the number of CFUs in the initial
broth culture was estimated by plate counts and thus, the number of CFUs in 
the culture-alginate slurry was known. Then, because a unit volume of slurry 
will, on gelation produce a particular number of (2 mm x 1 mm) calcium 
alginate beads, the theoretical number of CFUs per bead could be 'calculated. 
Subsequently, the actual number of CFUs would be determined by dissolving 
the beads in 0.15 M KH2PO4 solution and plating out the released mycelial 
particles, assuming that there was loss of viability due to the phosphate 
solution.
From this, any adverse effects of the immobilisation process could be 
assessed. Also, the proportion of beads which contained no CFUs coula be 
determined and accounted for when the percentage of beads capable of forming 
a colony was calculated.
The above relationship between the original broth culture and the eventual 
"germination1 capacity of the gel beads has been investigated for the three 
morphological varieties (growth forms) of T. terrestris. The results are 
summarised in Table 19 with the most pertinent results highlighted in Fig. 
28.
/
From Table 19 it can be seen that, with filamentous mycelia, only 31$ of the 
theoretical number of CFUs in each bead are, in fact, viable and capable of 
forming a colony at the end of the immobilisation process. With floccular 
and pelleted growth, however, the number of CFUs obtained after gelling is 
very nearly that expected theoretically.
This indicates that there is a significant loss of viability of the 
filamentous morphology during the entrapment process, which does not occur 
with the other two growth forms. Upon microscopic examination of the 
"filamentous gel" it was found that a much greater proportion of the 
immobilised hyphae were damaged, compared to the original broth culture.
When the immobilised floccular form was examined microscopically, many of 
the peripheral hyphae in the floe were found to be lysed in the same way as 
with the filamentous growth. However, the internal mycelium of the floes was 
undamaged and it is the hyphae from this part which grow out of the gel to 
form a colony. Thus, it would appear that the advantage of floccular and 
pelleted growth is that it is more resistant to the stresses of the 
immobilisation process than the filamentous form.
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This is not the only advantage of floccular and pelleted growth, however. 
It will be observed from Table 19 and Fig. 28 that, with filamentous 
mycelia, only a relatively small fraction of the gel beads which contain 
viable units actually produce a colony from the bead. In contrast, with the 
floccular and pelleted growth forms, virtually all of the alginate particles 
which contain one or more viable units form a colony when placed onto a 
nutrient plate.
A possible explanation for this result is that the entrapped hyphal 
fragments .must possess enough endogenous growth potential to grow out of the 
alginate bead, and into the nutrient media, whereas, if viable hyphae are 
placed directly in contact with nutrients, it requires far less of the 
stored growth potential. It is suggested then that filamentous inocula do 
not possess this growth capability, whereas the floccular and pelleted forms 
do, because they are both larger in size ana not adversely affected by the 
immobilisation process.
This property is of paramount importance to the success of a formulant for 
ectomycorrhizal( inocula because, when in the soil, the fungus will have to 
grow out of the alginate to infect the short roots of the host tree. 
Moreover, the harsh conditions and competition factor, present in the soil 
will necessitate the growth being both vigorous and rapid.
Overall then, it is possible to determine the viability of the individual 
mycelial particles within a gel bead. However, from a practical viewpoint, 
the ability of these fragments to form a colony is not as important as the 
"viability" of the alginate particles themselves, which, in a commercial 
inoculum, would comprise the infective units. Therefore, for the 
experiments in this study, the ability of the alginate particles to form a 
colony is used as the measurement of viability. In fact, this "germination" 
ability probably does reflect fairly accurately the condition of the 
majority of the entrapped mycelial fragments.
b) THE POST-IMMOBILISATION VIABILITY OF THE ALGINATE PARTICLES
I CONCENTRATION OF G£L
The effect of varying the concentration of sodium alginate between 15 g/1 
and 120 g/1 on the viability of fungal cells, especially during the 
immobilisation process, was investigated. The results are summarised in 
Fig. 29. Filamentous inoculum was used for this study, which explains the 
low initial viability of the alginate beads. It will be noted, however, 
that this initial loss of viability is virtually the same for all 
treatments, indicating that the use of a high concentration of alginate does 
not adversely affect the mycelia during the immobilisation process.
Similarly, there is very little difference in the rate of decrease of 
viability of the alginate beads for the first 25 days following 
immobilisation. After this period, though, there is a very drastic loss of 
viability in all gel concentrations and this is thought to be caused by the 
mycelial particles exhausting their endogenous nutrient reserves (see 
below). 1
Although the concentration of alginate does not appear to affect the 
viability of the entrapped fungus, the appearance and texture of the gel 
bead does vary considerably between the concentrations of 1 5 g/1 and 120 
g/1. The gel formed with 15 g/1 alginate is very weak and gradually loses 
its integrity during storage, eventually forming a slurry. In contrast, 
gels produced at sodium alginate concentration between 60 and 120 g/1 are 
very firm, having a rubbery consistency. Surface water can be removed from 
the gel, leaving a hard pellet which is fairly dry to the touch, but which 
still has a water content of about 90%.
Consequently, in all subsequent work, described below, alginate at a 
concentration of 90 g/1 was used.
II WATER CONTENT OF GEL
The alginate particles produced as described above were very susceptible to 
contaminants which, because of the high moisture content of the gel, were 
able to spread quickly throughout the preparation. Moreover, a high water
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content makes storage of the finished gel more problematic than it would be 
if the gel were dried. Consequently, various methods of reducing the water 
content of the gel were investigated.
Freeze drying of gel:
Several attempts were made to freeze dry both free and immobilised mycelia 
of terrestris and L^ . laccata. All viability was lost in each attempt.
Chemical drying of gel:
Dried silica gel was mixed with prepared alginate beads in ratios of 1:1 to 
4:1 w/w. The 2:1, 3:1 ana 4:1 ratios gave satisfactorily dry formulations, 
but, unfortunately, the viability of the mycelial particles was totally 
lost, which is a result inconsistent with those of workers in France who 
found that drying with silica gel had no effect on immobilised Rnizobium 
iaponicum. This discrepancy is probably due to the ink«-rent differences 
between the procaryotic JLs. iaponicum ana the eucaryotic X*. terrestris.
I
Air drying of gel:
The water content of alginate preparations containing immobilised floccular 
T. terrestris was varied by drying the gels in a lamina flow cabinet (25— 
28°C) for different periods of time. A summary of the results is shown in 
Table 20 and Fig. 30.
The water content of the undried gel in these studies was about 95% and it 
can be seen from Fig. 30 that this undried gel maintains almost 100% of its 
viability over 45 days. However, it is also clear from Fig. 30 that the gel 
can be dried down to approximately 63% water content with no loss of 
viability, although further drying below this level results in a drastic 
reduction in the ability of the beads to germinate. Thus, at 56% water 
content, half of the viability is lost after 45 days, whilst at 25% all 
viability is lost within 30 days.
The physical appearance of the gel beads when dried to 65% content is of 
hard dry granules, which are slightly hygroscopic, and which, if placed in 
moist conditions, will absorb water to regain almost their original fresh 
weight.
TABLE 20. THE EFFECT OF WATER CONTENT ON THE VIABILITY 
OF MOBILISED MYCELIA OF T. TERRESTRIS
TIME
0RV5
WATER CONTENT (%) OF GEL PREPARATION
95 87.5 80.0 74.0 63.0 56.0 25.0
0 93.0 91.6 93.0 100 98 96.5 78
15 92.3 90.5 93.0 98 96.2 89.3 10
30 91.2 90.7 92.4 100 93.4 79.5 0
45 90.0 87.0 91.2 95.0 89.0 48.0 0
Results represent the % germination of alginate.
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Fig. 30. EFFECT OF THE WATER CONTENT OF ALGINATE GEL ON 
THE VIABILITY OF ENTRAPPED T. TERRESTRIS
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Ill MORPHOLOGICAL AND PHYSIOLOGICAL STATE OF THE CELLS
The profound influence of the morphology of T. terrestris on its initial 
viability on immobilisation has already been demonstrated. However, it had 
not been ascertained what effect, if any, the morphology of the fungus would 
have on the survival of the mycelia once entrapped. This experiment was 
designed to investigate this, and the results are summarised in Fig. 31.
The open symbols in Fig. 31 show the decrease in viability of alginate beads 
containing filamentous (open squares) and floccular (open circles) growth 
forms, both of which were in stationary phase when immobilised. It will be 
observed from these plots that, although the alginate beads containing 
floccular growth have a much higher initial "germination" percentage, the 
rate of decrease in viability is similar to that found with filamentous 
inocula.
Conversely, in the next series of experiments (closed symbols) both growth 
forms were immobilised, whilst in their exponential phase of growth, 
although the initial germination capacity does not change, the viability of 
the alginate beads with time is significantly better than it was when the
i
fungi were immobilised whilst in stationary growth phase. This probably 
reflects the greater vigour of the actively growing mycelia which can 
clearly survive immobilisation for longer periods than stationary phase 
culture.
IV NUTRIENT STATUS OF THE CELLS
Despite the above improvements, the rate of decrease in the viability of the 
preparations, especially as they aged, was unacceptable. Undeniably, the 
mycelial particles, once immobilised, must maintain a certain metabolic 
activity to remain viable, and it was believed that the observed loss of 
efficacy of the formulation might have resulted from the depletion of both 
extra- and intracellular nutrients, especially carbon source. This seems 
feasible as the cells were obtained from glucose-limited cultures and washed 
before immobilisation.
The experimental rationale used up to this point had been adopted for two 
reasons. Firstly, it is known that vegetative mycelia of ectomycorrhizal 
fungi are able to remain viable in sterile water for up to 2 years (Marx and
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Bryan, 1975), indicating that their nutrient requirement is very small, 
and/or their basic metabolic rate under these conditions is very low. 
Secondly, the level of contamination is greatly reduced when washed cells 
are used in the immobilisation process.
However, due to the disappointing storage life of the prepared gel, this 
rationale was temporarily abandoned and experiments were set up where the 
fungus was cultured under different nutrient regimes, and immobilisation 
took place in the culture filtrate rather than in sterile water. The 
results of this study are shown in Fig. 32. In the first experiment, 
stationary phase filamentous mycelium cultured in phosphate-limited 
conditions was used and immobilisation was in the broth supernatant. The 
plot shows that, although the initial germination capacity is again low, the 
viability of the preparation is maintained over a greatly extended period in 
comparison to the formulations containing glucose-limited washed cells.
After this promising result, the experiment was twice repeated using 
phosphate-limited floccular growth. These cultures had just entered 
stationary phase when they were harvested from the fermenter. The results 
are again shown in Fig. 32. These two'plots again demonstrate the 
significantly greater initial viability conferred on the preparation by 
floccular growth. However, the most important result from these experiments 
is that viability is sustained for a much greater length of time, there 
being only a 2b% reduction in 76 days.
It was presumed that the most likely reason for this improvement in the 
longevity of the particles was that the mycelia had been immobilised in a 
filtrate which still contained a large amount of glucose and other 
nutrients, which could be utilised by the fungus whilst it was in the 
immobilised state, thus solving the nutrient depletion problem. In an 
attempt to prove this hypothesis it was necessary to ascertain whether it 
was the glucose in the filtrate which had the effect and, if it was, how 
specific was it in its action.
Hence, the experiment was repeated with washed, phosphate-limited culture of 
T. terrestris resuspended in either sterile water or 0.1 g/1 glucose, 
mannose or sucrose. The results are shown in Fig. 33. Unexpectedly, the 
rate of decrease in viability of all of the treatments was high, and this 
was presumably due to the fungus culture having entered stationary phase of
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growth, although it had been intended to use exponentially growing mycelia. 
Nevertheless, it can be clearly seen from the graph that there is a definite 
improvement in the sustained viability of the alginate propagules when 
either glucose or mannose is included in the immobilisation solution. 
Conversely, sucrose did not appear to have the same effect, the alginate 
beads having virtually the same survival rate as those with entrapped washed 
cells. This possibly indicated that glucose and mannose can be utilised by 
the entrapped mycelia, but sucrose cannot, a result substantiated by the 
pure culture studies of T. terrestris which demonstrated that the fungus 
assimilated sucrose only very poorly.
The other major point of note from this study was the surprisingly good 
viability shown by the washed cells, especially in the early period of 
storage. It will be observed from Fig. 33 that it is only in the latter 
stages of storage that the germination capacity of the washed cell beads 
decreased dramatically. Certainly, the washed, phosphate-limited mycelia 
survived for a longer period than the same glucose-limited culture.
The concluding experiments in this series were aimed at incorporating all of 
the improvements made in the immobilisation process thus far. In order to 
determine the maximum viability possible for the formulation. Hence, 
phosphate-limited floccular mycelia of Tl. terrestris was harvested in mid­
exponential phase of growth, and immobilised either in sterile water or a
0.1 g/1 glucose solution.
Two separate replicate experiments were undertaken, both yeilding similar 
results. The data of these experiments is shown in Fig. 34.
On examination of the results it is still not totally clear what effect the
addition of glucose has on the viability of the alginate particles. From
Figs. 33 and 34 it seems that the effect is negligible in the first 60 or so
*
days after immobilisation. Following this period, however, the gels with 
added glucose lose viability far less quickly than those whose 
immobilisation was sterile water. It is unfortunate that in all
cases contamination of the preparation occurred, resulting in the 
experiments being curtailed prematurely, as only when viability is assessed 
over longer periods will the true significance of the addition of glucose 
become clear.
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Vhat is apparent from these results is that the use of phosphate-limited 
culture is highly conducive to the survival of the mycelial particles once 
they are immobilised. The reason for this is unknown, but in the light of 
the nutritional information obtained from the phosphate-limited studies (see 
page^O it may well be due to the immobilised fungus utilising endogenous 
supplies of stored glucose which it appears to absorb in luxury amounts when 
grown in these culture conditions. The combination of being entrapped in a 
gel, and also kept at 4°C will keep the metabolic rate of the fungus very 
lew and, thus, intracellular storage compounds may well provide enough 
energy for survival during storage, and also for the capacity to grow out 
of the gel when conditions are suitable.
In contrast, glucose-limited mycelia would be unlikely to have such storage 
compounds which would explain the drastic loss of viability observed in 
preparations using mycelia cultured in this way.
Clearly, however, the endogenous nutrient supplies contained in phosphate- 
limited mycelia eventually run out or become too depleted to allow outgrowth 
froip the gel, ana, consequently, the decrease in viability seen in the 
alginate beads with washed mycelia after 2 months (Fig.^ t-) takes place.
It is tempting to suggest that the benefit of including glucose in the 
immobilisaion solution is due to it replacing the endogenously stored 
reserves as they are utilised, resulting in viability being maintained for a 
longer period. A simple way of resolving the question of glucose addition 
would have been to include it in the immobilisation solution of mycelia 
grown under glucose-limitation. If it produced an increased longevity of 
the gel particles it could probably be assumed that it is being assimilated 
by the fungus. Unfortunately, this experiment was not undertaken.
Patently, however, the most outstanding conclusion from Fig. 34 was that, by 
amalgamating the improvement mentioned in the above work, the formulation 
maintained its viability at almost 100% for over 3 months. This result 
makes the possibility of successfully using alginate as a formulant for 
commercially produced ectomycorrhizal fungi far more feasible.
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c) THE INFECTIVITY OF THE IMMOBILISED MYCELIUM
I INOCULATION OF SEEDLINGS OF SITKA SPRUCE
It has been shown that Thelephora terrestris can remain viable for a 
considerable time when embedded in alginate gel. However, if the alginate 
preparation is to be used as an inoculum it should not only be viable, but 
more importantly, it must be infective to host tree short roots.
A summary of the data from the inf activity experiments is given in Table 21 
The results of the first experiment, with X_ terrestris, were very 
promising. They showed that immobilised £*. terrestris could still infect 
host short roots whilst being in the immobilised state, indicating that the 
alginate formulation was not a barrier to infection. Indeed, an inoculum of 
only 15 pellets (25 CFUs) resulted in 90$ of the short roots being 
mycorrhizal with T. terrestris, at which point, the system effectively 
becomes saturated and the use of more inocula is unnecessary. The 
experiment was repeated with similar results, although, in this case, the 
inoculum load required for adequate infection was greater. As Table 21 
shows, 15 pellets (180 CFU) produced seedlings which were only 50$ 
mycorrhizal, whilst 30 pellets (360 CFU) were necessary to give an infection 
rate of 72$.
Overall, however, the infectivity of immobilised Xu terrestris mycelia is 
very satisfactory, and certainly, on the basis of the number of CFUs that 
are necessary for adequate infection, it compares very favourably with 
liquid inocula. Indeed, if it is considered that one alginate pellet is 
equivalent to one CFU, regardless of the number of mycelial particles 
contained in it, then the infectivity of the alginate inoculum becomes 
relatively much greater than the liquid inoculum, i.e. 15 pellets/CFU give 
adequate infection. This is not inconceivable, as it is possible that loss 
of liquid inoculum may occur in the soil due to it:—
a) being eluted away from the root in the course of watering;
b) being exposed to the soil environment during the period when the
symbiosis has not been established (up to 4 weeks).
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In contrast, alginate inocula would not be easily washed out and, also, the 
gel may have some protective effect on the entrapped mycelia.
With respect to infectivity the immobilisation of L. laccata, was not as 
successful as with T. terrestris. In the first experiment, an inoculum load 
of 15 pellets (285 CFU) produced seedlings with only 17$ of their roots 
mycorrhizal, which improved to 40$ when 30 pellets (570 CFU) were used. The 
experiment was repeated with larger inoculum levels in an attempt to improve 
the infection rate, but as the results demonstrate, a doubling of the 
inoculum level to 60 pellets (1020 CFU) only produced a small increase in 
the percentage of infected short roots. There were two possible reasons for 
this poor result: either the formulation was having a detrimental effect on
the infectivity of L. laccata or the infectivity was inherently low for this 
species under these conditions.
The latter possibility seems more likely, considering that the observed 
infectivity of the fungus, using liquid inocula, was found to be rather 
variable (see page'7<r). In one case, it produced about 90$ infection with 
100 CFUs, whilst in a replicate experiment, 600 CFUs inoculated per seedling 
resulted in only 70$ mycorrhizal short roots.
Nevertheless, there does appear to bd a very adverse effect on the seedlings 
if very heavy loads of alginate gel are directly applied to the roots. As 
Table 21 shows, when an inoculum load of 120 pellets/seedling was used, the 
seedlings actually died. This reaction also occurred when seedlings were 
subsequently inoculated with the same amount of alginate gel containing no 
fungus. Hence, either the alginate itself, or one of its breakdown 
residues, is in some way toxic to the seedlings or, alternatively, seedling 
death is caused by the significant increase in the microbial load which 
would surround the roots as the alginate is degraded.
This is certainly a disturbing feature of the immobilisation process and its 
potential--use as a commercial formulation. -However, as the toxic effects 
were observed only when abnormally high amounts of alginate were used, it is 
a problem not likely to be significant in practical inoculation programmes.
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II INOCULATION AT THE TIME OF SOWING
Several replicate experiments were attempted where the inoculum was 
incorporated into the soil at the time of sowing seed. Liquid inocula were
never observed to cause infection when used in this way, presumably because
they became non-viable in the 2 month "lag" period between the time of
sowing and the point at which the seedlings are able to become mycorrhizal.
However, it was hoped that the alginate formulation might protect the 
mycelia during this lag period, but, unfortunately, this was not found to be 
the case. In all experiments the seedlings were found to be uninfected, 
again indicating that the mycelia did not survive the lag period or, at 
least, not in a state which could cause infection.
d) CONCLUSION
The development of a suitable formulation for ectomycorrhizal fungi is 
essential if inoculation programmes are to be undertaken on anything but the 
smallest scale.
The results of this study indicate that polysaccharide gels are potentially 
the most useful and versatile formulants yet tried. Their use means that 
the production of fungal biomass can be completely separated from the 
formulation stage, with the result that inoculum production overall can be 
controlled and optimised far more easily.
However, there are still several problems with the alginate formulation 
process which have to be resolved before the system could realistically be 
used at a commercial level. Thus, j£ the gel preparation is infective as 
well as viable after 3 months storage as seems likely, and the difficulties 
of using the preparation to inoculate seed at the time of sowing can be 
overcome, the potential usefulness of( the alginate gel as a formulant could 
be fully realised.
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CHAPTER 14.
Consider an artificial micro-environment where the growth limiting substrate 
for the mixed population of microorganisms is at a zero concentration level. 
If there is then an injection of that limiting nutrient, growth of the mixed 
population would occur, and competitive advantage in this hypothetical 
system would be gained by the possession of:- ---
a) Short lag phase.
b) High maximum growth rate, and/or high substrate uptake rate and storage 
capacity (Button, 1978).
In nature, however, only rarely would substrate levels be high enough to 
support maximum growth rate for anything but the briefest of periods and the 
more normal situation would be growth at sub-maximal rates. Indeed, it is 
likely that nutrients would be present only in very low concentration and, 
hence, fairly severe substrate limitation is probably the norm (Tempest, 
1970).
Thus, at these low nutrient concentrations, it is the affinity (the 
relationship between nutrient concentration and substrate uptake/growth 
rate) of the organism for the limiting nutrient which assumes major 
importance. "Affinity” is a term which has been ascribed to the measurement 
of two distinct parameters.
a) Uptake affinity (Km).
b) Growth affinity (Ks).
UPTAKE AFFINITY. The active uptake of a substrate into a cell is enzyme 
mediated and often conforms to the kinetic relationship propounded by 
Michaelis and Menten (1913).
i.e. v = Vmax s
Km + s
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where Km is the dissociation constant and is defined as the substrate 
concentration at which the velocity of the enzyme reaction is half its 
maximum. Thus, Km is a measurement of the affinity of an enzyme for its 
substrate.
GROWTH AFFINITY. Similarly, it was observed by Monod (1942) that the 
relationship between microbial growth rate and substrate concentration 
approximated to a very similar equation,
i.e. p = |)max s
Ks + s
where Ks is again known as the half saturation constant and is defined as 
the substrate concentration at which growth is reduced to half its maximum.
The two systems are comparable because growth is essentially a series of 
enzyme reactions. However, growth derived Ks, and uptake derived Km values 
will be the same only if the uptake reaction is always the growth limiting 
step and Vmax is constant over the whole nutrient concentration range. 
Often though, uptake capacity can greatly exceed growth requirement, e.g. 
Button et. al. (1973) working with Rhodotorula rubra found that the 
chemostat derived Ks for phosphate was 0.2 pM, but phosphate uptake 
continued to increase past the point which was necessary for maximum growth 
rate, indeed the Km for phosphate was 2.5 jjM.
To summarise, both parameters are equally valuable and if an overall picture 
of nutrient uptake is desired, both should be measured.
a) NUTRIENT RELATIONSHIPS OF MYCORKHIZAS
The nutritional relationship of mycorrhizae can be briefly, and rather 
simplistically, summarised as a symbiotic system, whereby, the fungal 
partner derives carbon and energy sources from the photosynthate of the 
host, whilst the plant acquires inorganic nutrients, notably phosphate, from 
the fungus.
:A true understanding of the mycorrhizal symbiosis will depend upon the 
elucidation of the complex host-fungus reactions with special regard to 
carbon and phosphorus utilisation and this can be achieved only when a 
knowledge of the metabolism of the individual symbionts has been attained.
I CARBON METABOLISM OF MYCORRHIZAS
In nature, ectomycorrhizal fungi depend primarily on glucose, sucrose and 
fructose produced by the host, for their carbon and energy sources 
(Hacskaylo, 1973). Indeed, Bjorkman (1942, 1970) suggests that the process 
of ectomycorrhizal infection is a direct function of these substances being 
released from the host into the soil as root exudates.
It appears that the glucose, sucrose and fructose are converted immediately 
upon uptake into compounds (mannitol, trehalose and glycogen) which are not 
readily re-absorbed into the host plant (Lewis and Harley, 1965^  Likewise, 
endomycorrhizae seem to convert the sugars to lipids (Harley and Smith, 
1983). Thus, in both cases a carbon "sink" is created.
In studies on exudates, glucose is the only sugar to be consistently found 
in all tree species (Slankis et. al., 1964; Bowen and Theodorou, 1973) and, 
consequently, a knowledge of glucose uptake, especially when related to 
growth, would add significantly to the understanding of both the initial, 
and continued infection of the root. There does not appear to be any 
published work on the uptake and growth affinities of ectomycorrhizal fungi, 
but fortunately, there are data of these mechanisms for other organisms, 
some of which may well be applicable to mycorrhizal species.
Glucose Uptake ana Gcowth in Filamentous Fungi
Scarborough (1970 a and b), in a series of elegant experiments, established 
that for Neurospora crassa, at least, there are two mechanisms for glucose 
uptake. The first is a low affinity facilitated diffusion system (i.e. the 
cell membrane is selectively permeable to the substrate, but the actual flow 
is by diffusion) which operates at glucose concentrations above ImM (180 
mg/1) and has a half saturation constant (Km) of 8mM. The second is a high 
affinity active transport system which functions at concentrations of 
glucose below about ImM and which has a Km of 1&,M.
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Interestingly, the Vmax of the two systems is approximately the same, which 
means that the maximum rate of uptake remains constant throughout the active 
glucose concentration range. Thus, it is almost certain that in a glucose 
limiting situation the ratios of operation of the two systems is varied so 
as to maintain the maximum growth rate for the least possible energy 
expenditure. Hence, if glucose uptake is the rate limiting step, the 
derived Ks value would be the same as the Km figure obtained for the high 
affinity system and, as growth would be maintained at its maximum, the 
gradual changeover in uptake systems, as the glucose concentration 
increases, would probably not be discerned (see below), which is perhaps a 
limitation of the usefulness of the Ks measurement.
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Table 22 lists some published Ks values, especially for filamentous fungi, 
although values for bacteria and yeasts are also shown. It can be seen that 
measured Ks values can vary widely, even within the same species. Despite this, 
consistent results have been obtained with filamentous organisms which 
appear to have values within the same order of magnitude (1-10 mg/1) 
indicating a generally high affinity for glucose. The exception to this is 
the result for Fusarium aquaeductum, but it is suggested by Steensland 
(1977) that the very low Ks value observed is significant and denotes 
adaptation of this species to its ecological niche, where nutrients are 
likely to be at very low levels.
TABLE 22. VALUES OF THE HALF SATURATION CONSTANT (ks) 
FOR GLUCOSE FOUND FOR VARIOUS MICROORGANISMS
ORGANISM Ks (mg/1) AUTHOR
E. COLI 0.068 Sheheta & Marr, 1971
E. COLI 4.0 Monod, 1942
AZOTOBACTER VINELANDII 12.0
THER^ACTINOMYCES SPP 240-310.0 Lee & Humphries, 1979
SACCHAROMYCES CEREVISIAE 25.0 Pirt & Kurowski, 1970
SACCHAROMYCES CEREVISIAE 408.0 Tseng & Phillips, 1982
SACCHAROMYCES CEREVISIAE 40.0 Toda & Yabe, 1979
SACCHAROMYCES CARLSBERGENSIS 10.0 Toda & Yabe, 1979
ASPERGILLUS SP 5.0 Pirt, 1973
NEUROSPORA CRASSA 1.8 (km) Scarborough, 1970
FUSARIUM AQUAEDUCTUM 0.3 Steensland, 1973
GEOTRICHUM CANDIDUM 1.0 Fiddy & Trinci, 1975
GEOTRICHUM CANDIDUM 1.2 Robinson & Smith, 1977
In contrast, the yeasts tend to have Ks values at least an order of 
magnitude higher, which probably reflects the oxygen limited high glucose 
environments in which the cultivated strains are usually grown. 
Similarly, Thermoactinomyces spp. have the ability to degrade cellulose 
completely, which probably gives the species a competitive advantage which 
makes a high affinity for glucose unnecessary.
II PHOSPHATE UPTAKE:AND NUTRITION OF ECTO-:AND ENDOMYCORRHIZAS ---------
Ecto- and endomycorrhizal associations have been found to be advantageous to 
the host plant in a variety! of ways. Probably the most important of these 
benefits, and certainly the one most studied, is that of phosphate uptake. 
It is now established beyond doubt that mycorrhizal plants can absorb 
greater amounts of phosphate than non-mycorrhizal plants, especially when 
available phosphate is in low concentrations. What has still to be 
established however, is the mechanism of this increased uptake which, 
although the subject of much research, remains a problem still to be fully 
elucidated.
There are three major hypotheses of why phosphate absorbtion is enhanced in 
mycorrhizal roots. These theories, together with their relative merits, are 
outlined belcw. '
:A. Increased absorptive surface area of mycorrhizal root.
B. Utilisation of phosphate sources unavailable to uninfected host roots.
C. Higher affinity for phosphate in mycorrhizal roots.
Increased. Absorptive Surface: Area of Mycorrhizal Root
lHatch (1937) first postulated that increased phosphate uptake was due to the 
increased absorptive area of the root system following infection. Mel in and 
Nilsson (1950) and Stone (1950) supported this viewpoint and proved, by 
radiolabelling experiments, that the external hyphae of the mycorrhiza acted 
as absorbing organs, ultimately translocating phosphate to the plant.
The importance of external hyphae v/as further emphasised when Nye and Tinker 
(1977), showed that phosphate uptake is commonly limited by the rate of
diffusion of the ion to the root surfaces. Thus, if the rate of uptake is 
greater than the rate of diffusion, a depletion zone is created in the 
immediate environment of the root, the radius of which will depend on the 
concentration of soluble phosphate available - the less soluble phosphate 
which is accessible, the greater the diameter and gradient of the zone. The 
importance of depletion zones around the root surface becomes clear when 
Olsen et al. (1962) calculated that, in a silty loam soil, the phosphate 
present 1mm from the surface of a maize root would contribute to its 
nutrition over a 10 day period, whereas it would be 100 days if the 
available zone was 5mm in radius.
Consequently, the extra-matrical hyphae of mycorrhizal roots would 
effectively by-pass the depletion zones resulting in greatly increased 
absorptive capacity of the plant. Indeed, Hattingh (1975) and Rhodes and 
Gerdeman (1975) have shown that hyphae of vesicular-arbuscular mycorrhizae 
can transport phosphate from a distance of 8cm back to the host plant. 
Mycelial cords are even more effective, phosphate being translocated a 
distances of up to 12cm (Skinner and Bowen, 1974 a and b).
Similar work has been done by Sanders and Tinker (1973) and Cooper and 
Tinker (1978) and has led them to postulate that the beneficial mycorrhizal 
effects are due to the increased absorptive area of extramatrical hyphae 
combined with the fact that mycorrhizal infection delays suberization of 
short roots. They suggest that this delay results in the longevity of the 
short root as an absorbing organ being increased, thereby effectively 
increasing the total absorptive area of the root system at any particular 
time.
The absorptive area theories are by no means conclusive however, with a 
great deal of evidence conflicting with an explanation based exclusively on 
this mycorrhizal characteristic. Bowen (1968), working with phosphate 
uptake in Pinus radiata, found that mycelial growth away from short roots 
was extremely limited, the extent of hyphal growth away from the root being 
of the same magnitude as that of root hairs away from non-infected roots. 
Similarly, Harley (1978) has questioned the relevance of extra-matrical 
hyphae to phosphate absorption as they are often totally absent from many 
ectomycorrhizas which still exhibit enhanced uptake.
Howeler s L al- (1982) found, when measuring phosphate uptake in vesicular- 
arbuscular (VA) mycorrhizas of cassava, that very few hyphae radiated away 
from the root surface, although this may have been due to their using 
stirred hydroponic growth systems where depletion zones would be very much 
reduced. !An analogous result was found by Owasu-Bennoah and Wild (1979), 
who investigated the depletion zones around onion roots and discovered that 
the width of the zone was 1mm for non-mycorrhizal plants, but only 
increased to 2mm for infected roots. Moreover, very little phosphate was 
absorbed from beyond these zones.
Utilization of Phosphate ’ Sources Unavailable £q £h£ Host Plant
The great majority of phosphate in the soil is not in the form of the 
solubilised ion but is found in complex inorganic and organic complexes, 
e.g. tricalcium phosphate and phytin, which are largely unavailable to the 
plant. '.Accordingly, the ability of mycorrhizas to tap these sources would 
provide at least a partial and very neat explanation of their effectiveness.
The solubilisation of sparingly soluble mineral phosphate by mycorrhizal 
fungi has been demonstrated on laboratory media (Bowen and Theodorou, 1967) 
and has been attributed to extracellular acid production. In addition, 
various reports have shown that endomycorrhizal plants are better hble to 
utilize tricalcium phosphate and rock phosphate than uninfected roots 
(Murdoch e£ al., 1967 (maize); Hayman and Mosse, 1971 (tomato)), but 
Pairunan ££ «al. (1980) found that very large amounts of rock phosphate 
needed to be applied before this increased utilization became apparent.
It has been proposed that the means by which insoluble organic phosphates 
are made available to the plant is by the production of extracellular 
phosphatases by the mycorrhiza. Ho and Zak (1979) have suggested that 
differences in the effectiveness of ectomycorrhizal fungi in absorbing 
phosphate may correlate with their relative acid phosphatase production and 
certainly, ectotrophic mycorrhizas of beech have been shown to be more 
active in producing organic phosphatases than uninfected roots (Bartlett and 
Lewis, 1973; Williams and:Alexander, 1975).
However, when experiments have been designed to try to obtain more direct 
evidence of utilization of insoluble forms, results have been inconsistent. 
Mosse et al. (1973), Sanders and Tinker (1973), Pichot and Binh (1976)
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working with endomycorrhizae and Thomas al. (1982) working with 
ectomycorrhizae each carried out experiments whereby labile phosphate was 
labelled with 32pr non-labile phosphate was not. In each case, there 
was no evidence of lower specific activity of 32p in the mycorrhizal plants, 
which would indicate uptake from unlabelled source. In contrast, 
Swaminathan (1979) labelled labile and non-labile phosphate sources 
differentially, and found that the endomycorrhizal fungi of potato could 
absorb from fixed phosphate sources unavailable to the uninfected roots.
Unequivocal evidence of the capacity of mycorrhizae to utilise more 
intractable sources of phosphate is still lacking. However, evidence 
suggests that the ability to produce phosphatases is a genetically 
repressible characteristic, only being derepressed in certain circumstances, 
notably phosphate starvation. Indeed, production of phosphatases in 
severely limited conditions is not a property exclusive to mycorrhizal fungi 
being common in many other microorganisms. For example, in some yeasts, acid 
phosphatase production increases very sharply to about 100-fold of its 
repressed level when phosphate is severely limiting (Toda and Yabe, 1979). 
!A similar marked derepression was found with the alaa’.Scenedesmus under 
intense phosphate deprivation (Rhee, 1973).
Higher:Affinity for Phosphate in Mycorrhizal Roots
The possibility of mycorrhizal roots having a greater affinity for the 
uptake of phosphate than non-mycorrhizal roots is an idea which has been 
tentatively suggested by a number of authors. Bowen and Theodorou (1967) 
suggested that infected roots may have a greater "avidity" and, similarly, 
Morrison (1962) believed that mycorrhizas may lower the free energy of 
phosphate uptake. Mosse £t a h  (1973) implied higher affinity by suggesting 
that mycorrhizae may lower the threshold for effective absorption from the 
soil.
Unfortunately, although a great deal of research has been undertaken on 
phosphate uptake, the kinetics of the uptake, either of the mycorrhizas per 
se, or of the symbiotic partners, still needs to be clarified. In other 
areas of microbial physiology, however, kinetic analysis of phosphate uptake 
has been intensively studied revealing some pertinent principles which may 
well be very relevant to the mycorrhizal situation.
Burns and Beever (1977) studied the kinetics of phosphate uptake in 
Neurospora crassa where they identified two absorption systems. The first, 
a low affinity pathway, had a variable half saturation constant (Km) which 
had a minimum value of 370mM in mildly phosphate-limiting conditions. When 
intensely limiting conditions prevailed, a high affinity system came into 
operation which had a constant Km of 2.43mM. Vmax of the high affinity 
system was found to be constant at concentrations of ImM and above, but 
increased at concentrations below ImM until at 50j;M it had amplified eight­
fold. This increase in Vmax can be attributed to the proliferation of high 
affinity carriers as phosphate becomes more limiting.
This two-phase uptake mechanism appears to be very common, having been 
demonstrated in yeasts, bacteria and plants (see Table 23). This, 
presumably, indicates that the biochemical pathways involved in phosphate 
uptake are very similar, even though the differences in affinity, as 
reflected in Km values, point to a disparity of effectiveness of these 
systems.
Existing evidence indicates a similar phosphate uptake system in mycorrhizas. 
Excised beech mycorrhizas, when placed in a very concentrated solution of 
phosphate (over 32mM), absorb phosphate primarily by a facilitated diffusion 
pathway, whereas below 0.3mM an active uptake process sensitive to the 
respiration rate dominates. Between the two extremes, both systems operate 
(Harley, 1969; Chilvers and Harley, 1980).
From Table 23 it can be seen that in general Km/Ks values fall into the same 
order of magnitude as those obtained for glucose. It is notable, however, 
that the figures for the algae, which are known to live in environments 
periodically starved of phosphate, are particularly low. Also of interest 
in the algae is the result of Rhee ' (1973), which demonstrates that
Km and Ks can differ quite markedly. Rhee places significance on this, 
suggesting that organisms may compensate for relatively poor uptake 
mechanisms (high Km) by developing a high substrate affinity by way of an 
efficient growth mechanism (low Ks). Half saturation constants for other 
organisms (yeast, fungi, plants) not known to live in a specifically 
phosphate-limiting environment tend to be at least an order of magnitude 
higher, indicating a much lower affinity.
These trends perhaps become more significant with regard to mycorrhizae when
TABLE 23. HALF SATURATION CONSTANTS (UPTAKE AND GROWTH) fen/ks
FOR VARIOUS ORGANISMS WITH PHOSPHATE AS TIME LIMITING NUTRIENTS
ORGANISM Ks (jiM) Km (MM) AUTHOR
LOW
AFFINITY
SYSTEM
HIGH
AFFINITY
SYSTEM
SCENEDESMUS SP 0.1 - 0.6 Rhee 1973
SELENASTRUM CAPRICORTUM 0.004 - - Brown & Button, 197^
MONOCHRYSIS LUTHERI 0.5 - - Burmaster, 19-79
CHLORELLA SP 0.28 - - Pirt & Panikov, 19.
CANDIDA TROPICALIS 1.0 mM 5.0
SACCHAROMYCES CEREVISIAE 5.0-6.0 Borst — Pauwels, 1962
SUGAR CANE 3.0 Borst — Pauwels, 1962
MAIZE 7.2 Borst - Pauwels, 1962
E. COLI 25.0 0.2 Rosenburg et al, 1971
NEUROSPORA CRASSA 370 2.65 Burns & Beever, 1977
175
the soil habitat is considered. Table 24 shows typical soluble phosphate 
levels in a variety of non-fertilised soils. All of the soils show low 
levels of phosphate, but especially notable are the forest soils where 
deficiency is most intense, and where concentrations are within the area 
where high affinity uptake systems would be an advantage, perhaps even a 
necessity. In such an environment it is probable that competitive advantage 
would be conferred on the mycorrhiza with the greatest phosphate collection 
ability.
Very little definitive research has been done on the ecological and 
competitive aspects of phosphate uptake in mycorrhizal systems. 
Nevertheless, a broadly comparable ecological situation is found in aquatic 
systems where, very often, phosphate is the growth limiting nutrient 
(Rhee 1973). Indeed, it is sometimes in such low concentrations as
to be undetectable (Brown and Harris, 1978). A great deal of work has been 
undertaken on these systems, especially with regard to the adaption of 
microorganisms to the severe conditions and the resultant competitive 
advantage which this conveys.
:A new concept defining competitiveness in substrate limited environments, 
was proposed by Brown and Button (1979). They suggest that the "substrate 
collection ability" of an organism is a function of at least two 
characteristics. These are:-
a) Stead/ state affinity - already described.
b) Transient affinity and storage capacity.
With this system a high steady-state and transient affinity, together with 
a large storage capacity, imparts a high substrate collecting ability to the 
organism.
In addition to the very low, but fairly constant phosphate, levels which 
normally occur in aquatic systems, there are probably periodic flushes of 
quite high concentrations. In these conditions, the capacity, both rapidly 
to absorb and then store this phosphate, would be of great benefit.
Transient affinity is defined as the slope of the plot:
ds
dtX
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TABLE 24.
GENERAL LEVEL OF AVAILABLE PHOSPHATE FOUND IN UNFERTILISED SOILS
AVAILABLE PHOSPHATE COMMENTS AUTHOR
0.01-2yM Estimated range. Woolhouse, 1975
3-30 yM Measured range. Cress & Thornberry, 1979
0.16mM "Probable ecological 
concentration".
Harley, 1969.
<  0.5mg/100g SOIL Measured range of 
concentration of phosphate 
in several forest soils.
Thomas, G.W. 
(unpublished results)
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where s is added phosphate concentration and t is a time interval short 
enough to assume instantaneous uptake (Brown .§£ al., 1978). Unfortunately, 
there do not appear to be any values for this parameter in the literature.
Droop (1974, 1975) has formulated the “coefficient of luxury consumption” as 
an indicator of storage capacity, where storage capacity increases with the 
value of the coefficient. Figures of 86.0 (high) and 6.6 (low) have been 
reported for Asterionella formosa and Cvclotella meneehiriana respectively 
(Tilman and Kilham, 1976). Similarly, Brown and Button (1978) found the 
Selanastrum capricornutun had a coefficient of 56.5, and concluded by 
suggesting that, as this species had both a moderate steady state affinity 
and only average storage capacity, it was likely to be out-competed in 
severely phosphate limited environments.
In the light of this, what comparison albeit tentative can be made with the 
mycorrhizal symbiosis and would "substrate collection ability” be a valid 
concept?
Certainly, it is probable that in forest soils, phosphate will be severely 
limiting, i.e. <1pM. Also, there is evidence which indicates that, if the 
"coefficient of luxury consumption" of mycorrhizas were measured, it would 
be very high due to the capacity of mycorrhizal fungi to store excess 
phosphate as polyphosphate.
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Work with beech mycorrhizae has demonstrated thatr although a relatively 
small labile pool of inorganic phosphate exists in the fungal sheath, uptake 
of the ion continues after this pool is filled and whereupon it is stored 
as polyphosphate. This conversion would also greatly reduce feed-back and, 
thus, a high uptake rate would be maintained (Harley, 1969; Chilvers and 
Harley, 1981#
Under conditions of phosphate-limitation, a decreasing percentage of the 
absorbed substrate is stored as polyphosphate, and when limitation is fairly 
severe, polyphosphate is mobilised and fed back into the labile pool. 
(Chilvers and Harley, 1981). Unfortunately, a criticism of Chilvers and 
Harley's work, and Harley's work generally, is that they have not used 
concentrations of phosphate below about 0.16mM, and an extrapolation of 
their data down to ecologically probable concentrations (<1 pM) must be 
tentative, as storage of any phosphate or polyphosphate may be 
insignificant.
Overall, it appears that mycorrhizae may well have a high storage capacity 
anchor transient affinity, but knowledge of steady state affinity has been 
left unexplored and may well be the most important factor of all in a system 
where steady diffusion of very low concentrations of phosphate to the plant 
roots is a controlling factor. What is abundantly clear, however, is that 
systematic research is required in all areas of substrate collections 
ability.
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II .TOE APPLICATION OF CONTINUOUS CULTURE TECHNIQUES IN ECTOMYCORRHIZAL RESEARCH
A knowledge of growth physiology is both a fundamental and essential factor 
in the understanding of any microorganism. There is a substantial body * of 
literature describing the growth physiology and kinetics of bacteria and 
yeasts {Monod, 1942; Pirt, 1975), but until recently the filamentous fungi 
had been rather neglected, mainly because of the practical difficulties 
associated with mycelial cultures (Righelato, 1975). Familiarity with its 
growth characteristics is, however, a pre-requisite to the exploitation and 
application iof any iorganism, and this is especially true with the 
ectomycorrhizal fungi if they are eventually to be used commercially on a 
large scale. Similarly, a thorough understanding of the physiology of the 
fungal symbionts would greatly advance a full elucidation of the nature of 
mycorrhiza.
Preliminary studies on growth and physiology > of fungi can be achieved using 
plate and shake flask cultures and simple batch fermentations. However, the 
degree of control and manipulation of these systems is limited. In 
contrast, continuous culture offers a very high degree of control, accuracy 
and reproducibility to growth studies and, moreover, can often be used to 
derive information which is generally beyond the scope of batch culture.
Finally, from a purely economic viewpoint, the production of biomass 
including ectomycorrhizal inoculum, in open culture systems, is far less 
costly than using closed culture techniques.
Basic Chemostat Theory
Consider a fermenter where fresh medium, containing a single growth limiting 
substrate, is pumped into a culture at a set rate and culture fluid is 
removed at the same rate (F). The culture will thus have a constant volume. 
(V) and its dilution rate will be:
D = F (h"1)
V
1 8 0
The growth rate of the microorganisms within the culture will then 
equilibrate with the dilution rate, providing the dilution rate does not 
exceed the maximum growth rate of the organism. Once this equilibration has 
occurred, the biomass concentration (x) and the amount of growth limiting 
substrate in the culture (s) will remain constant. This situation is known 
as a "steady state" and is self-regulating.
In a chanostat the change in concentration of biomass (x)
= growth - output.
i.e. dx = px - Dx 
at
p = specific growth rate 
D = dilution rate.
:At steady state there is no change, thus:-
dx = 0 |J = D
dt
i
Similarly, at any given time the amount of growth limiting substrate in the 
chemostat is:-
= input - output - substrate used for growth
thus:- ds = DSr - Ds - x p
dt Y*
SR = Substrate concentration in reservoir 
Y = Yield constant.
:Again, at steady state the substrate concentration is constant:-
DSr - Ds* -  fJx = B 
" Y
* bar denotes steady state value.
substituting D =
x — Y(Sj^  — s)
Likewise, the Monod (1972) relationship
Ks + S
becomes D = Dmax s
Ks + s
From Pirt, 1975
The Growth of Filamentous Fungi in Chemostat Culture
Comparatively little continuous culture work has been carried out on the 
filamentous fungi, This is because they are fairly slowly growing, and also 
tend to produce accretions of growth around the walls of the culture vessel 
anchor form mycelial pellets. Moreover, they are prone to differentiate
from vegetative to sporing forms. ;A11 of these characteristics make the
>
attainment and maintenance of steady states very difficult (Righelato, 
1975).
Despite this it was established by Pirt and Callow (1959, 1960) and later by 
Righelato al. (1968), that filamentous fungi, like bacteria and yeasts, 
could be successfully grown in continuous culture and that they generally 
conformed to Monod (1942) kinetics.
Table 1, page1*? shows the results of several chemostat studies of mycelial 
forms. It shows that biomass yields for glucose are fairly constant at 
between 0.4 and 0.5 as are the maintenance energy requirements of the 
different fungi, both of which indicate that similar pathways and 
efficiencies for the utilisation of glucose are probable.
Ill THE MEASUREMENT OF GROWTH OF FILAMENTOUS FUNGI USING SOLID MEDIA 
TECHNIQUES
The problems described in maintaining continuous cultures of filamentous 
fungi mean that the elucidation of the growth physiology by use of this 
technique is difficult to achieve. Consequently, the ability to estimate 
growth kinetic characters (in this case Ks) accurately and reliably, using 
solid media, would be extremely useful as it would alleviate the above 
difficulties.
Fungal Colony Growth on Solid Media
In submerged culture the filamentous fungi, when under no nutrient 
limitation, have been shown to exhibit exponential growth (Pirt and Callow, 
1959), although the individual hyphae elongate linearly.
i.e. dx = px 
dt
i '
In contrast to this, Trinci (1969) found that after a short exponential 
phase the radius of fungal colonies increases linearly with time, thus:
i
R1 = ^0 + Kr (tj - tg) where Kr = Grcwth rate constant
R = Radius.
However, Trinci (1971) also found that the leading hyphae at the edge of the 
colony grow exponentially (a function of elongation and branching) and 
supply protoplasm for the overall extension of the radius of the colony, 
which is linear. In this way, the two observed phenomena of linear and 
exponential growth can be theoretically reconciled. The relationship was 
proven and defined when Trinci (1971) found that for a variety of fungi, the 
colonial radial growth rate was a function of the specific growth rate 
observed in exponentially growing submerged cultures, and the width of the 
peripheral zone of colonies on solid media where exponential growth of the 
hyphae occurred.
Thus:-
Kr = i j w w = width of peripheral grcwth zone
Thus, in the peripheral growth zone, growth is exponential and is probably 
at the maximum for the organism in those particular conditions. As the zone 
advances into fresh medium, the growth of hyphae in the inner margin of the 
zone has begun to decelerate away from the exponential pattern, and this 
trend continues, with there being little or no growth at the centre of the 
colony. Thus, the width of the advancing zone remains constant. Trinci 
(1971), in describing colony growth, had likened the peripheral growth zone 
to a chemostat vessel containing the organisms growing at pmax, whilst the 
linear accumulation of culture in the overflow vessel is analogous to the 
linear increase in the radius of the fungal colony.
Pirt (1973), on analysis of the data of Trinci (1969), concluded that at low 
substrate concentrations, the relationship between Kr and the limiting 
nutrient follows the Monod relationship as long as w is constant.
jmax S 
Ks + S
Kr(max) S
T $ 7 s “
:At concentrations, of substrate above that which gives maximum colony growth 
rate, the Kr may decrease and in!Aspergillus nidulans this was found to be 
due to a decrease in O t(Trinci, 1971). This is a disadvantage of this solid 
media method, making the derivation lof Ks invalid, a situation not 
encountered in submerged culture, where pmax is theoretically at least 
remains constant with increasing substrate concentration.
Fiddy and Trinci (1973) attempted to determine whether the above Monod-type 
relationship did indeed hold experimentally. Working with Geotrichum 
candidum. they compared Ks values derived from continuous culture with those 
derived from colony radial growth rates. In addition, they derived Ks 
values for.Neurospora crassa and Aspergillus nidulans by the radial growth 
rate method, and compared these with other literature values. The results 
of this study indicated that:-
becomes Kr = 
iO
i.e. r
a) Ks values obtained from radial growth rates were generally 
higher than those obtained from continuous culture methods, 
sometimes by an order of magnitude. This was much more 
noticeable, however, when silica gel, rather than agar, was used 
as the gelling agent.
b) When silica gel was used as gelling agent, the decrease in radial 
growth rate at glucose concentrations below 100 mg/1 could be 
entirely accounted for by a reduction in the width of the 
peripheral growth zone. However when agar was used as gelling 
agent no significant decrease in the width of the zone was 
observed, indeed W remained virtually constant through the 
substrate concentration range used.
c) Significant growth occurred at zero glucose concentration, where, 
ideally, there should be none. This was presumably due to
impurities in the agar. Similarly, there is almost certainly
a nutrient concentration gradient formed around the perimeter of
the colony due to uptake by the fungus. This is in contrast to
stirred liquid culture where external concentrations are uniform 
and constant.
Despite these and additional inaccuracies inherent in the method used 
to estimate the peripheral growth zone (Trinci 1971), the relationship 
of the observed radial growth rate and between the theoretically 
derived value of Kr (ie. Kr = ) has been proven for a number of
fungi (Trinci 1971).
Hence the conclusion of Pirt (1973), that "colony growth rates provide 
a simple way of determining Ks values for any substrate”, is still 
valid, and is an especially valuable technique when chemostat 
cultures are intractable. Moreover, if comparisons of Ks values 
from a variety of organisms are required, then, providing the errors 
of this method remain constant, the accuracies of the absolute Ks 
values obtained assume less importance.
CHAPTER 15. m m m s . m .  m m m
a) CONTINUOUS CULTURE TECHNIQUES
I ORGANISM
laccata was the species used. Inoculum for the chemostats was grown in 1 
litre conical flasks as described on page ^ Lt
II APPARATUS
The two fermenters used have already been described on page -^-However, for 
continuous operation, the following modifications were necessary.
The operational volume of the 5 and 1.4 litre vessels was kept constant 
using overflow pipes at 2.1 and, 1.225 litres respectively. To aid the 
throughput of the effluent culture, peristaltic pumps were used on the exit 
lines so that overflow was immediately transferred to the exit reservoir and 
thus, blockages were largely avoided. There was sometimes a build-up of 
biomass around the lip of the overflow pipe, but this could usually be 
dispersed by a sudden increase in agitation lasting 1-2 seconds. This 
caused increased turbulence of the culture which washed the accumulated 
biomass free. Accretion of mycelium around the impeller shaft was more 
difficult to dislodge necessitating an increase in the agitation speed to 
about 1000 rpm for 10-20 seconds. Prior to doing this, the exit tube was 
clipped off and the overflow was allowed to collect in it until it was 
almost full. By doing this, the turbulence created by the increased 
agitation did not result in a loss of volume from the culture, which would 
have occurred had the tube been open. Wall growth was removed using a 
magnetic bar,
III CULTURE CONDITIONS AND ANALYSES
Temperature and pH were maintained constant at 20°C and 5.5 respectively. 
Aeration was 0.25 vvm which was found to be adequate at all times to keep
1 8 6
the dissolved oxygen in the culture at between 70 and 90% of the saturation 
level. Agitation was kept slow at 150 rpm. The glucose-limited medium was 
the same as had been developed for batch culture (see page'2-1-) and the 
highest concentration of glucose used in it was 6.0 g/1 (Sr)-
Dry weight and glucose estimations were performed as described on page 
Samples were taken only every two days to minimise the fluctuation caused to 
the steady state.
Determination of Steady State Glucose Concentration
This was determined either directly, by assaying the broth supernatant at 
steady state or was estimated by the method of Button (1969). With this 
technique the steady state biomass, (x) is measured when different 
concentrations of growth limiting substrate are in the feed medium, but the 
dilution rate is kept constant. A straight line is produced which is 
represented by
x = Y(Sr - s)
where the intercept on the x-axis is SR = s
DtUiTlOM KAT6
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b) SOLID MEDIA TECHNIQUES
I ORGANISMS
The Lacearia laccata and Thelephora terrestris isolates used in these 
experiments were the same as described previously.
Pencillium chrvsogenum ATCC. Working Cultures were derived from the master 
culture by plating a loopful of spores onto Czapek Dox agar.
II MEDIA 
Glucose Limited
The recipe used was "Medium 2", see page . For these experiments, however, 
all reagents were Analar grade and Purified Agar (Difco) was the gelling 
agent. The mineral salts and agar were autoclaved separately. Aliquots 
were then added to the molten agar to achieve the required glucose 
concentration. These concentrations were 0,10,20,40,60,80,100,200 and 300 
mg/1. Volume equilibration was achieved by adding sterile water where 
necessary. The pH in all cases was equilibrated to 6.5.
All plates were prepared by pipetting the molten agar, this ensured a 
constant volume and, hence, a constant "total amount" of glucose per plate 
for each replicate within a group. Ten replicate plates were prepared at 
each glucose concentration.
To reduce drying of the agar after inoculation, the plates were kept in a 
humid chamber which allowed gaseous diffusion. When plates became 
contaminated with other organisms they were immediately discarded. This 
inevitably decreased the number of replicates at each nutrient concentration 
as the experiment progressed.
Phosphate Limited
All reagents used were Analar except glucose, which was Aristar grade. 
Agarose L.E. (Sea Chem Ltd) was the gelling agent of choice as this had the
lowest level of contaminating phosphate (guaranteed <10pg/g and “probably 
much less1').
The recipe for the phosphate-limited medium is shown below along with 
maximum possible level of contaminants phosphate.
REAGENT
Glucose
(NH4)2S04
MgS04
CaCl2(6H2O) 
NaCl 
FeCl3 
KC1
Thiamine 
Agarose L.E.
AMOUNT
g/1
5.0
2.0 
0.4
0.2
0.05
0.01
0.4
0.0001
2.0
PHOSPHATE IMPURITY 
LEVEL pg/1
2.5
5
1
0.5
0.25
0.015
1
T
20
<31 g/1 TOTAL
Hence, with no added phosphate the medium could theoretically contain a 
maximum of 31 jJg/1, but in reality, it was- probably considerably less than 
this. It will also be noticed that the lowest concentration of agarose 
which was still capable of forming a gel was used in an effort to reduce the 
level of contaminanting phosphate.
The agarose, glucose and mineral salts were autoclaved separately and added 
together after sterilisation. Concentrated solution of KP^POq were 
autoclaved separately and aliquots were then added to give final 
concentration of phosphate (as KH2PO4) between 0 and 1280 pg/1. The molten 
media was again pipetted into the petri dishes, and 12 replicate plates were 
prepared for each phosphate concentration.
Ill INOCULUM
To minimise carry-over of the limiting substrate, the organisms were starved 
of the nutrient prior to being used in the radial growth rate experiments. 
Thus, the fungi were subcultured from a “full11 nutrient medium onto one with 
no added limiting substrate. Growth was allowed to occur, after which, a 
very small outer fragment of the colony was again transferred onto fresh 
medium with no added limiting substrate. The procedure was performed twice 
for glucose and three times for phosphate-limited cultures.
A very small fragment of the severely nutrient limited mycelium was then 
placed in the centre of each of the plates in the radial growth rate 
experiments.
IV MEASUREMENT OF RADIAL GRCWTH RATE
The growth of the fungal colonies was measured using a Quantamet Image 
Analyser. In this technique, the fungal colony casts an image on a screen, 
and the area of this image is measured in terms of picture points (the 
screen has a capacity of 900,000 picture points). The area of the colony in 
picture points can then be converted to real units by reference to an object 
of known area.
The measured area of the colony was assumed to be in the form of a perfect
circle and, hence, the radius of the colony could be derived using the
formula Ifr2. By using this technique, irregularities in the shape of the
colony could be accounted for and the overall measurement of radial growth,
would be of an accuracy not obtainable using more traditional methods.
« ■
The conversion of picture point data into real units of radius was achieved 
with the aid of a computer programme. Using the data the programme would 
then:-
a) Plot the increase in colony radius for each replicate plate in each 
treatment.
b) Fit a line of regression to the plotted data (with the facility to
disregard spurious points) and calculate the significance of regression, 
and the standard error of the regression line for each replicate in each
treatment,
c) Calculate the mean regression coefficient and the standard error of the 
mean regression coefficient for each treatment.
V THE MEASUREMENT OF THE PERIPHERAL GROWTH ZONE
Trinci (1971) measured the width of the peripheral growth zone of a number 
of fungi by cutting a chord across the fungal colony and defining w as the 
distance from the hyphal tips where cutting has no effect on the subsequent 
growth rate of the hyphae (see below).
Of
f>e.Z\PHe&Ac gHovoTH
However, due to the irregular colony growth of terrestris and L*. laccata. 
this method could not be used successfully.
Hence, it was decided to cut individual hyphae at different distances from 
their tips and monitor the subsequent growth of the cut hyphae over a period 
of 24 hours using time lapse photography. The growth rate of uncut hyphae 
was also measured as a control. It was quickly realised that a derivation 
of the absolute value of w would be extremely difficult to achieve by this 
method, but, rather, a range within which the value lay would be obtained, 
which would become increasingly narrow as more measurements were made. 
Thus, hyphae were cut at various distances from their tips with a sharp 
sterilised razor blade. Photographs of the cut hyphae were taken 
immediately, following which the cultures were re-incubatea. After 12 and 
24 hours the cut hyphae were re-photographed and their growth rates 
calculated and compared to the uncut controls. This process was continued
until the range which contained the value of w was narrowed down to within 
200 j/ m approx.
This procedure was then performed throughout the concentration range of the 
limiting nutrient under study in order to determine whether the peripheral 
growth zone remained constant.
No quantitative estimation was made of branching frequency or the rate of 
growth of the branches compared to the leading hyphae.
.RESULTS AND DISCUSSION
a) CONTINUOUS CULTURE OF L. LACCATA
The profound importance of carbohydrate and phosphate nutrition to 
ectomycorrhizal symbiosis is reflected in the very extensive literature 
published on these topics (see above). However, the majority of these 
studies has been done with mycorrhizal roots rather than with the individual
symbiotic partners, and, although the rationale behind this approach is
sound, the complexity of the mycorrhizal system often makes interpretation 
of results difficult. In addition, it has left largely unexplained three 
important phenomena of the mycorrhizal system:-
The mechanism of the infection process.
The mechanism of the increased phosphate uptake efficiency.
The different growth responses observed in the host when colonised by
different fungal species.
A major reason for the lack of success in resolving these questions is that 
there is a paucity of knowledge on much of the' basic physiology of 
ectomycorrhizal fungi. It is suggested, therefore, that an understanding of 
the growth, and substrate utilization characteristics of these fungi, 
particularly with respect to carbohydrate and phosphate, one or both of 
which is likely to be limiting in the natural environment, is implicit to 
the eventual elucidation of the above problems.
The relationship between growth and substrate utilization can be 
characterised in terms of yield constant (Y) substrate assimilation rate (q) 
and half saturation constant Ks and, consequently, it was decided to try to 
determine these factors for one or more ectomycorrhizal species with both 
glucose and phosphate as the limiting substrates.
Continuous culture techniques, being the most reliable, were the method of 
choice and, similarly, L. laccata was the species of choice as previous 
batch culture which had indicated that a homogenous culture (without pellet 
formation) could be maintained more easily for the organism than for T*. 
terrestis.
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General Characteristics of L^. laccata in Glucose-Limited Chemostat Culture 
Each fermentation was started as a simple batch culture the duration of 
which was brief, due to the high inoculum level and the relatively low 
concentration of growth limiting substrate. These factors also depressed 
the specific growth rate somewhat. At the end of the batch cycle, the 
systems were changed over to the continuous operation, which elicited a 
period of adaptation to equilibrate with the dilution rate of the system. 
The duration of the changeover period is generally considered to be 
equivalent to approximately 3-4 volume replacements of fresh medium (Pirt, 
1975) and in all the fermentations in this study, this was found to be 
adequate for the culture to reach a stable state where the concentrations of 
both biomass and glucose remained constant.
Conversely, the morphology of the fungus did not remain constant, with 
floccular growth having replaced the original filamentous growth form by the 
time the stable state had been reached. The duration of the steady state 
varied, but was normally fairly brief due to either the irremovable 
accumulation of biomass around the impeller shaft, and/or the gradual 
development in the culture of more discrete floes which would have 
eventually formed pellets. Both of these phenomena caused an irreversible 
deviation away from the steady state at which point the fermentation was 
' abandoned.
It was realised that due to the gradual change in the morphology of the 
fungus, the culture could not be described as having attained a "true11 
steady state. However, the floccular morphology of L. laccata was fairly 
stable, especially at the lower dilution rate, and certainly the biomass and 
glucose concentration did reach a steady state, which suggests that during 
this period, the changing morphology of the culture did not actually affect 
its kinetics.
The irreversible formation of floes and/or anomalous areas in the culture, 
meant that only one steady state and, hence, one measurement of x and s 
could be obtained per fermentation.
As mentioned in the Methods it was decided to use Button’s system for the 
determination of Ks, whereby steady state biomass (x) resulting from 
different initial substrate concentrations at a single dilution rate is 
measured.
The results of the chemostat experiments are described below.
I RESULTS FOR DILUTION RATE (D) = 0.009523 h-1 
SR* = 6.0 g/1
The results of the first chemostat experiment are depicted-in Table 25 and - 
Fig. 36 where it will be seen that after inoculation, there was a brief 
period of batch growth. Growth was exponential for part of the batch cycle 
and yielded a specific growth rate of 0.02092 h”1 (tp = 33.2 hours) which 
agrees well with the result of previous batch cultures.
With the changeover to continuous operation (day 6) there was a dramatic 
increase in the biomass of the culture, and this was in fact caused by the 
overflow pipe of the fermenter becoming blocked. Indeed, the blockage acted 
as a sieve, allowing the overflow and exit of culture filtrate, but not 
biomass. When the blockage was cleared the system quickly equilibrated to 
produce a brief steady state (approximately equal to four volume 
replacements or 18 days),before the culture deviated away from the steady 
state because of biomass accretion around the impeller.
i
SR = 3.5 g/1
The course of this fermentation is shown in Table 26 and Fig. 36 where it is 
immediately noticeable that there were two batch phases. This reversion to 
batch culture was found to be necessary because, after the first transfer to 
continuous operation, the growth of the fungus did not seem to be 
equilibrating with the dilution rate, and this would have led to washout of 
the culture. The retarded growth of the fungus was probably caused by it 
having entered stationary phase at the end of the batch cycle with a 
consequent lag phase before growth was re-started. Following the second 
batch cycle, the culture successfully equilibrated with the dilution rate, 
and a steady state was produced, which lasted for five volume replacements 
(19 days).
* SR = Initial concentration of growth-limiting substrate in fresh medium.
AT A DILUTION RATE OF 0.00952 h"1 AND Sr = 6.0 g/1
TIME
DRY
WEIGHT
g/i
SPECIFIC
GROWTH
RATE
H k "
GLUCOSE
CONC.
IN
CULTURE
g/i
O 0.9 4.80
1 1.02 4.60
2
3
4
BATCH
CULTURE
1.90
2.55
2.78
0.0209
3.17
0.77
0.26
5 2.85 0.04
7 2.90 0.05
9 4.70 1.06
12 EQUILIBRATION 6.08 1.09
14 STAGE 5.10 0.05
16 4.15 0.61
19 3.05 0.42
21
23
25
27
29
STEADY
STATE
2.35
2.25 
2.21 
2.05
2.25
STEADY 
STATE 
DRY 
WEIGHT j(l
X
=2.211
0.22
0.44
0.35
0.26
0.52
STEADY 
STATE 
GLUCOSE 
CONC .jlL
S
= 0.357
YIELD AT 
STEADY 
STATE 
SR =■ 5.95
Y
= 0.395
31
33
2.15
2.20
0.40
0.43
U-/g
35 2.30 0.25
37 2.05 0.37
39 2.30 0.33
41 2.0 0.5
43 1.85 0.85
45 1.65 0.9
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36. 
PROFILE 
OF 
L. 
LACCATA 
GROWN 
IN 
GLUCOSE 
LIMITED 
CONTINUOUS 
CULTURE
AT A DILUTION RATE OF 0.00952 h"1 AND Sr = 3.0 g/1
TIME
TYPE OF 
FERMENTATION
DRY
WEIGHT
g/i
SPECIFIC
GROWTH
RATE
GLUCOSE
CONC.
IN
CULTURE
3 lt
0 0.79 2.14
1
2 
3
FIRST
BATCH
CYCLE
0.76
0.89
1.24
2.075
1.80
0.825
4 1.46 0.15
5 1.48 0.05
7 1.42 0.21
9 1.30 0.75
11 1.05 0.014 2k1 1.45
13
15
16
SECOND
BATCH
CYCLE
0.53
0.97
1.22
2.04
1.28
0.70
*
17 1.39 0.40
19
21
23
EQUILIBRATION
STAGE
1.37
1.31
1.24
0.1
0.14
0.13
25 1.32 0.08
27
29
31
1.34
1.30
1.36
STEADY
STATE
DRY
WEIGHTjf(.
0.08
0.04
0.05
STEADY
STATE
GLUCOSE
CONC.
YIELD AT 
STEADY 
STATE 
SR - 3.54
33 1.30 X 0.09 S = Y
35
37
39
STEADY
STATE
1.26
1.31
1.36
= 1.33 0.09
0.06
0.04
0.06g/l = 0.382
3 / 3
41 1.34 0.08
43 1.33 0.04
45 1.36 0.04
47 . 1.33 0.05
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SR = 1.0 g/1
The pattern of the final fermentation carried out at this dilution rate is 
shown in Table 27 and Fig. 38, where it will be observed that after the 
batch cycle, the growth of the fungus quickly equilibrated with the dilution 
rate. However, the resultant steady state dry weight was in fact fairly 
erratic, which was due to temporary accretion of biomass on the walls of the 
vessel and around the impeller shaf-t-,- a condition which would lead to a 
relatively greater error of the measured dry weight in a culture where the 
biomass concentration was already low. The duration of the steady state in 
the run was approximately 6 volume replacements.
It is immediately noticeable that the measured values of steady state 
glucose (s) obtained from the above experiments are inconsistent with 
continuous culture theory, which predicts that s should be constant at a 
particular dilution rate irrespective of the value of SR. This was clearly 
not the case in the above experiments with s varying by over an order of 
magnitude. In fact the s values of 0.06 and 0.021 from SR = 3.0 g and 1.0 
g/1 respectively are probably within the limits of experimental error and, 
thus, only the value from SR = 6.0 g/lh-1 (0.357) is significantly out of 
character.
i
Indeed, the magnitude of the difference found in s in this experiment 
indicates that another nutrient was possibly limiting growth. As the other 
medium constituents were in a concentration greatly in excess of that 
usually required to produce the observed biomass concentration, it suggests 
that perhaps oxygen was insufficient, a common occurrence in cultures with 
high biomass concentrations. However, dissolved oxygen readings did not 
indicate any deficiency.
As a consequence of this anomalous result, the high value of SR (6.0 g/1) 
was abandoned when a second series of chemostat experiments were undertaken 
using a different dilution rate.
II RESULTS FOR DILUTION RATE = 0.0237 h-1
It will be noticed that the dilution rate used in this study is quite close 
to the max value of 0.0309 h~^  which had been experimentally determined in 
the batch culture of the organism. Indeed, Carter and Bull (1969) found
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that the chemostat derived jjmax for JL nidulans was significantly less than 
that obtained with batch culture. Consequently, it was thought likely that 
the dilution rate of 0.0237 h”1 would be greater than the critical dilution 
rate (Dcru^ ancl th e culture of L. laccata would be washed out. This did 
not, in fact, occur and, therefore, as a determination of j j max by washout 
was unfortunately not carried out, it must be presumed that the D crit value 
for the organism must be somewhere between 0.0237 h“1 and 0.0309 h“1.
SR = 3.5 g/1
The results of this fermentation are shown in Fig. 39. The first batch cycle 
of this culture is notable in that, due to the inoculum level being 
unexpectedly low, there was an extended period of unrestricted growth where 
the specific growth rate was found to be 0.024 h”  ^(tp = 28.8 hours), thus 
confirming that in batch cultures at least, the organism could grow faster 
than the dilution rate which had been set.
As with D = 0.00957 Sp = 3.5, a second batch stage was necessary before a 
steady state was finally reached, but once this had been attained, the 
stable phase lasted for 12 replacement volumes, which is considerably longer 
than the cultures grown at the previous dilution rate. The reason for this 
extended longevity of the steady state, was that the tendency for the 
biomass to aggregate around the impeller shaft and vessel walls, which had 
prematurely curtailed all three previous cultures, did not appear to occur 
at this dilution rate. These dissimilar results may possibly have been due 
to different fermenters being used for each dilution rate, but it is deemed 
more likely that it was, in fact, a characteristic of the culture caused by 
the different dilution rates.
The increased duration of the steady state at the higher dilution rate was 
not indefinite, however, with deviation being eventually caused by the 
formation of mycelial pellet initials in the culture. Righelato et al. 
(1968) found that pellet formation in P. chrvsogenum increased with dilution 
rate and, although there is no direct evidence from this project to support 
this, there was no indication of the beginnings of pellet formation in
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the cultures grown at 0.009523 h“  ^ even after seven replacement volumes 
Sr = 2.0 g/1 and Sr = 1.0 g/1
The results of the two remaining chemostat "runs11 which were operated at 
this dilution rate are shown in Table 28 and Fig. 40 (Sr = 2.0 g/1 glucose) 
and Table 29 and Fig. 41 (SR =1.0 g/1 glucose). The steady states obtained 
endured for 11 and 13 replacement volumes respectively, before pelleting 
again caused deviation. . ___
III KINETIC ANALYSIS OF THE CHEMOSTAT CULTURES 
The Determination of Ks
When the chemostat work was originally designed, it was decided to used 
Button's method for the determination of s and thence Ks because direct 
measurements of s are usually unreliable due to the very low concentrations 
of substrate normally involved. This was thought to be especially likely 
with phosphate.
However, it was found that glucose concentration measurements could be made 
with all of the cultures and, hence, s values were'available both from 
direct estimation and frcm Button's method.
To determine Ks the s values can be substituted into the Monoa equation
Thus Ks = Dmax s - s
D
These calculations have been made for all of the chemostat cultures and the 
results are shown in Table 30. As already mentioned, the measured values of 
s should be constant at any given dilution rate, but clearly this was not 
the case. However, if the result from D = 0.00957 Sp = 6.0 g/1 is ignored, 
the remaining derived value of Ks begins to show some consistency, certainly 
it appears that the Ks is very high, lying somewhere between 0.06 and 0.140 
g/1.
The graphical determination of s values from the dry weight data by Button's 
method is shown in Fig. 42. The figures obtained when similarly substituted
205
TABLE • r K U r  IbE* U f  U >  w w m i  ---- ------- -
AT A DILUTION RATE OF 0.0237 h 1 Sr = 2.0 g/1
TIME
DRY
WEIGHT
g / i
L0G^ _ x y
GLUCOSE
CONC.
g / i
0 0.77 -0.26 2.55
1 0.77 -0.26 2.44
2 BATCH 0.84 0.17 2.24
0.0125
3 CULTURE 1.12 0.113 1.42
4 1.54 0.43 0.20
5 1.61 0.48 0.32
6 PUMP ON -*■ 1.61 0
8 EQUILIBRATION 1.59 0.04
10 TO 1.44 0.68
12 DILUTION 1.32 1.25
14 RATE 1.02 0.5
16 0.81 0.27
18 0.70 0.20
20 0.66 0.26
22 0.58 0.17
24 0.54 0.20
26 0.64 0.20
28 0.68 STEADY 0.16 STEADY YIELD AT
STATE STATE STEADY
30 0.70 0. 22 — STATE
32 0.71
X = 0.20 5 — m e a s u r e d
34 0.74
0.705 0.16
0.203/t SR
36 0.69 0.20 1.96g/l
38 STEADY 0.69 0.24
= 0.400
40 STATE 0.71 0.21 3
42 0.80 0.02
cj. cjLuu*a*4-
44 0.70 0.26
46 0.72 . 0.23
48 0.66 0.15
50 0.66 0.18
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AT A DILUTION RATE OF 0.0237 h 1 Sr = 1.0 g/1
TIME
DRY
WEIGHT
g/i
k
GLUCOSE 
CONC. IN 
CULTURE
3/C
0 0.62 1.48
1 0.60 1.41
2 0.64 1.04
3 0.86 0.74
4 1.15 0.24
5 1.17 0.05
0.0125
7 1.17 0
9 0.93 0.06
11 0.72 0.56
13 0.54 0.75
15 0.51 0.54
17 0.47 0.39
19 0.32 STEADY 0.30 STEADY YIELD AT
STATE STATE STEADY
21 0.26 0.28 STATE
23 0.27
X = 0.23
S = MEASURED
25 0.29
0. 292<j/( 0.25
0.229g/C Sr =0.925
27 0.29 0.21 0.419
29 0.26 0.20 9 cVnj J : /
31 0.34 0.22
33 0.29 0.17
35 0.28 0.23
38 0.33 0.24
40 0.30 0.21
42 0.28 0.20
44 0.29 0.24
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TABLE 30. SUMMARY TABLE SHOWING CALCULATION OF Ks
BY SUBSTITUTION OF MEASURED VALUES OF S~ INTO THE MONOD EQUATION
INITIAL
GLUCOSE
CONCENTRATION
(sR) g/l
STEADY STATE 
GLUCOSE 
CONCENTRATION 
S g/1
CALCULATED
Ks
g/i
MEAN
K*
a. 6.0 0.357 0.801
EXPT. 1.
b. 3.5 0.06 0.134 0.327
D = 0.009523
c. 1.0 0.021 0.047
a. 3.5 0.366
i
0.111
EXPT. 2.
i
b. 2.0 0.2 0.061 0.08
D = 0.0237
c. 1.0 0.229 0.069
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into the Monod equation, yield values for Ks which are both consistent with 
each other, and with the values derived from the direct measurement of s 
(Table 31)* Moreover, the fact that five of the seven estimates of Ks lie 
within the range 0.047-0.070 g/1 tends to suggest that the absolute value 
for this constant does indeed be in this range.
The Double Reciprocal Plot
Probably the most reliable and accurate technique for determining Ks is from 
a plot of 1/D against 1/s where the intercept on the x-axis is equivalent to 
-1/Ks and the intercept on the y-axis is equivalent to 1/yinax. Unlike the 
above methods, this one does not involve the use of the Monod equation, or 
the presumed value for jjmax, but obtains Ks directly from the measured 
parameters of D and s.
A double reciprocal plot using the s figures obtained from Button’s method 
is shown in Fig.¥2, where it will be noticed that the value obtained for the 
half saturation constant has increased to 0.097 g/1. In addition, the plot 
gives a value for jjmax of 0.037 (tp. = 18.7 hours), a growth rate which has 
never been observed in this fungus even under the best conditions. These 
results indicate that there is probably an error in the data obtained from 
the Button method. In fact, the Button method implicitly relies on the 
yield of biomass from the substrate being constant regardless of growth rate 
aid for many substrates, this assumption is valid. With carbon and energy 
sources, however, it is often found that the observed yield decreases with a 
decreasing growth rate (Steensland, 1973; Pirt, 1975) a phenomenon caused 
by there being a relative increase in the amount of substrate used for 
cellular maintenance purposes (see below).
Consequently, for the purpose of this study, a theoretical modification of 
the chemostat results was made, whereby the steady state biomass 
concentrations (x), from Experiment 1, were ’'corrected" to give the same 
yield (0.414) as in Experiment 2. The corrected "Button method" plot is 
shown in Fig. and the value of s obtained from it was used to produce a 
modified double reciprocal plot (Fig.43).
This amended plot gives apmax value of 0.0285 h“1 (t^ = 24.1 hours) which 
is very near to the experimentally determined value. The Ks value obtained 
was 0.035 g/1.
212
DERIVED BY BUTTONS' METHOD INTO THE MONOD EQUATION
INITIAL
GLUCOSE
CONCENTRATION
STEADY STATE 
BIOMASS 
CONCENTRATION
GRAPHICALLY
DERIVED Ks
(MEASURED) g/1 g/i S 3l<-
a. 5.95 2.211
EXPT. 1.
b. 3.54 1.33 0.030 0.067
D = 0.009523
c. 0.990 0.356
a. 5.95 2.31
EXPT. 1.
b. 0.54 1.44 0.015 0.034
CORRECTED <
c. 0.990 0.4
a. 3.34 1.23
EXPT. 2.
b. 1.91 0.705 0.175 0.053
D = 0.0237
c. 0.925 0.29
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In summary, the evidence obtained above clearly indicates that the glucose 
half saturation constant for L. laccata lies between 0.035 and 0.07 g/1. 
This value is very high in comparison with similar estimates of Ks made for
other organisms and it demonstrates that laccata has a very low affinity 
for glucose. Indeed, in an environment where glucose is in low 
concentration, L. laccata would be a very poor competitor with other 
saprophytic organisms. Moreover, in media culture studies (Part A), glucose 
was found to be the best carbon source for this fungus in terms of growth 
response and, hence, it is unlikely that its low affinity for glucose simply 
reflects a preference for other carbon sources.
Maintenance Energy and True Growth Yield
It was mentioned above that the decreased yield, which occurred with 
decreasing growth rate, was due to maintenance energy. Maintenance energy 
may be defined as that energy which is required simply to sustain cellular 
functions such as turnover of cell materials and preservation of 
gradients, at zero growth rate. Thus, for any particular substrate, it is a 
constant, and is usually expressed as the maintenance coefficient (m) in g 
substrate/g dry biomass h.
As a consequence of this, the experimentally determined yield factor is more 
correctly defined as
= increase in biomass_______________
utilisation of substrate + utilisation of substrate 
for growth for maintenance
ana the balance for energy source utilisation can be stated as
Total rate of + rate of consumption + rate of consumption
consumption of substrate for growth for maintenance
i.e.
r
-  u x + mx
' *E yEG
or «Ex = x + mx
W
yeg
215
where YgQ = true growth yield
m = maintenance coefficient
^  = observed specific uptake rate
This expression is of the form y = mx + c and, thus, if^E is plotted 
against jJ a straight line will result with the gradient being 1/Yf§ and the 
intercept on the Y axis being m.
Fig. 44 shows a plot of ^ against D from the results of this study which, 
although derived from only two points, is considered to be accurate as the 
values for these points have been consistently obtained. The graph shows 
that the maintenance coefficient for L. laccafcci is 0.004 g glucose/g dry 
bicmass/h, which is low compared to similar estimates made with the 
bacterium Aerobacter cloacae, 0.094 (Pirt, 1975) and Penicillium chrvsogenum 
0.022 (Righelato et ail., 1968). This low value was found because slow 
growing organisms, such as L. laccata will have a lower rate of substrate 
utilisation throughout their whole growth range (including maintenance rate) 
if the rate is measured in the absolute terms of g substrate/g biomasyh 
(see Table 32).
However, if the rate of substrate utilisation required for maintenance is 
compared to the rate of utilisation when laccata is growing at jjmax, it 
is found to be 5.5%, which is consistent with the value of 10% found for P. 
chrvsogenum (Righelato, 1975).
The maintenance coefficient of other ectomycorrhizal fungi is also likely to 
be low in terms of g glucose/g biomass h, because the growth rate range is 
generally as slow, if not slower, than that of laccata and it is 
suggested that this may be a reason for the prolonged survival of agar plugs 
containing vegetative mycelia of these organisms when stored in sterile 
water at 5°C (Marx and Daniel, 1976).
These agar discs contain both mycelia and a considerable amount of unused 
nutrient, and, hence, as the growth rate was kept very low by the 
temperature of 5°C the residual glucose would sustain maintenance conditions 
for a considerable period.
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Fig. 
44. 
GRAPH 
OF 
DILUTION 
RATE 
AGAINST 
SPECIFIC 
GLUCOSE 
UTILIZATION 
RATE
The "true1 growth yield for L. laccata was found to be 0.44 which compares 
well with the value of 0.45 found for P. chrvsogenum (Righelato, 1975).
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Fig. 32. CALCULATION OF SPECIFIC SUBSTRATE UTILISATION RATES
MAINTENANCE COEFFICIENT AND TRUE GROWTH YEILD 
OF L. LACCATA GROWN IN GLUCOSE LIMITED CULTURE
OBSERVED 
YIELD 
Y = X
SPECIFIC TRUE
GROWTH
YIELD
SUBSTRATE MAINTENANCE
SR
MEAN UTILISATION 
RATE p
ef'rtj uf£ (ji
COEFFICIENT
Vs
g tty ukfe
yeg
I = ^/ye
a. 5.95 0.395
EXPT. 1.
b. 3.54 0.382 0.381 0.025
D = 0.009523
c. 0.990 0.367
0.004 0.44
a. 3.34 0.413
EXPT. 2.
b. 1.91 0.412 0.414 0.057
D = 0.0237
r c. 0.925 0.417
b) RESULTS AND DISCUSSION OF THE SOLID MEDIA TECHNIQUE FOR ESTIMATING 
FUNGAL GROWTH
I GENERAL COMMENTS ON THE SOLID MEDIA TECHNIQUES USED IN THE DETERMINATION 
OF HALF SATURATION CONSTANTS
The Measurement of Colony Radial Growth Rate
The image analysis system used to determine Kr proved to be very 
satisfactory. This was because the growth of irregularly shaped colonies 
could be measured with great precision and, in addition, large numbers of 
replicates could be assayed in a short time.
Representative examples of growth profiles obtained for replicates within 
one treatment group are shown in Figs. 45 and 46, which also demonstrate 
that good linearity of growth was achieved. However, problems did arise due 
to the implicit insensitivity of the solid media technique for measuring 
true growth at very low concentrations of nutrient. Thus, in all of the 
experiments there should theoretically have been no growth at “zero’1 
concentrations of the growth limiting substrate. This was very nearly 
achieved in two experiments, but in the others there was considerable 
growth, despite efforts to eliminate contaminating nutrients from the 
system. It must be mentioned, therefore, that growth at "zero11 
concentration throws some doubt on the absolute accuracy of the subsequent 
Kr measurements and, hence, the derived value of Ks.
An unforseen complication found with !*. terrestris and L*. laccata was that 
at lew nutrient concentration they had a tendency to generate localised 
areas of pioneering hyphae which would extend for a considerable distance 
from the bulk of the colony before branching took place (see below). The 
growth of each pioneering branch would not continue, however, but would 
cease.
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In cases such as these, the extensions were not considered to constitute 
true radial growth as they were localised and also growth of the hyphae was 
not sustained. However, the separation of "true” radial growth and 
localised exploration was sometimes difficult to achieve, for example, see 
below:-
, niviu Goji 
of- COIXM'J
Another phenomenon observed with the solid media technique was the decrease 
of Kr at high limiting substrate concentrations, (cciooe tp<+o^lij This 
decrease in Kr tended to coincide with an increase in the density of the 
colony. Certainly, however, this phenomenon would not be seen in submerged 
culture where once pmax has been attained, it should remain constant with 
any further increase in the growth limiting substrate.
Peripheral Growth Zone Measurements
As mentioned in the Methods, the irregular colony growth form of the 
ectomycorrhizal fungi necessitated the measurement of the growth rate of 
individual hyphae. Unfortunately, unlike the method of Trinci (1971) this 
technique does not generate an absolute value of the peripheral growth zone, 
but instead, defines a range within which the true value lies. Clearly, the 
range becomes narrower as the number of hyphae which are measured is 
increased. It is suggested that in each of the experiments described below, 
sufficient replicate measurements were made to give an accurate estimate of 
the peripheral growth zone, although clearly any small changes in the value 
of w would be difficult to detect due to the insensitivity of the technique.
No direct measurement was made of the hyphal apical compartment or the 
hyphal diameter.
II GROVJTH OF T. TERRESTRIS ON SOLID MEDIA UNDER GLUCOSE LIMITING CONDITIONS
Radial Growth
The results of the radial growth rate determinations are shown in Table 33. 
and a representative replicate group is plotted in Fig. 47.
Fig. 47 demonstrates a phenomenon which occurred at all glucose 
concentrations, in that there was a considerable lag phase in all 
treatments, following which growth initially appeared to be exponential 
before a typical linear pattern was assumed.
The increase in radial growth rate KrQ with the log of increasing glucose 
concentration is shown in Fig. 48. Fiddy and Trinci (1973) found that this 
relationship was linear, for Geotrichum candidum, at lower concentrations of 
glucose, and generally the same trend was found for T. terrestris in this 
study. In contrast to Fiddy and Trinci (1973), however, who found that G. 
candidum grew at 54% of the maximum Kr0 on media with no added glucose, 
there was negligible growth at zero glucose concentration (3.9% of maximum 
Kr0) with H  terrestris, which serves to add credence to the other results 
and to the accuracy of the derived value of Ks (see below).
As Fig. 48 shows, the Kr0 was still rising when the glucose concentration was 
300 mg/1 and, unfortunately, no measurement was made between 300 mg and 1000 
mg/1 (result not available) at which point the Kr0 had started to decrease. 
Hence, although it can be assumed that Kr0 lies between 300 and 1000 mg/1 
glucose, its exact value is unknown.
Peripheral Growth Zone
The results of the peripheral growth zone determination are shown in Table 
34. It will be observed that all hyphae which were cut at a distance less 
than 1243 pm from their tips, subsequently grew at a slower rate than the 
control (uncut) hyphae. Similarly, all hyphae which were severed over 1436 
m from their tips grew at the same rate as the uncut hyphae.
Consequently, it was assumed that the peripheral growth zone (w) has a value 
somewhere between 1243 and 1436^m. In the absence of more precise data, 
the median of this range was taken as being the value of w.
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TABLE 34. TABLE TO SHOW THE DERIVATION OF THE PERIPHERAL GROWTH ZONE 
OF T. TERRESTRIS GROWN ON GLUCOSE LIMITED MEDIA
CONCENTRATION
LENGTH OF 
CUT HYPHAE 
Urn
REPLICATES
RATE OF 
EXTENSION OF 
CUT HYPHAE 
ym/h
RATE OF EXTENSION 
OF UNCUT HYPHAE 
ym/h
RANGE OF 
GROWTH OF 
UNCUT HYPHAE
HYPHAL CUTS 
WITH SAME 
RATE OF 
EXTENSION 
AS CONTROL 
Um
PERIPHERAL 
GROWTH 
ZONE IRANGE) 
'-a
MEDIAN
Um
REPLICATES MEAN
ym/h
2813 4.41
2120 4.77
408 0.675
1436 4.41
90 0 3.91
365 2.7 4.41 2813
588 1.035 3.9 2120
20 188 0 4.4 4.41 3.9-5.44 1436 1243-1436 1339.5
579 0.338 5.44 1770
278 0.338 4.59 1713
981 1.53
1770 4.5
1713 4.23
1243 3.1
1070 2.1
1240 4.6
1590 6.98 6.74
1712 7.29 6.97
1500 6.39 7.8 1590
3097 7.56 7.56 1712
60 1426 5.54 6.51 6.98 6.3-7.8 1500 1426-1500 1463
1997 7.29 6.97 3097
775 0.29 6.76 1997
301 O 6.34 1836
457 0.58 7.2
808 1.2
1836 7.87
2120 9.5
1549 8.2 8.1
864 2.02 9.2
407 1.71 9.5 2120
80 90 2.7 9.5 9.1 8.1-9.9 1549 1223-1549 1386
978 4.77 9.2 1916
302 0 9.9
1223 5.44 8.6
1916 9.0
This same rationale was used in the derivation of w at glucose 
concentrations of 60 mg and 80 mg/1, and, as Table 2 demonstrates, the 
results obtained are very consistent, especially when considering the 
crudeness of the techniques. Certainly, the results indicate that varying 
glucose concentration does not have any gross effect on the length of the 
peripheral growth zone of X l. terrestris.
Hence, as w appears to be constant, the difference in KrQ must result solely 
from the differing concentration of glucose which makes Kr directly 
comparable with the specific growth rate ( j j ) .
i.e. Kr = j j  x constant
Trinci (1971) demonstrated that this constant was, in fact, equal to w by 
showing that the theoretical value of Kr derived from |i x w correlated well 
with the observed value of Kr. Such correlations should ideally be derived 
from values of p and Kr obtained from identical conditions, i.e. from the 
same limiting glucose concentrations. However, in the absence of such 
detailed submerged culture data for T,. terrestris, the pmax and Kr0raax 
values were used and, as Table 8 shows, this generated a KrQmax which was 
only 50% of the theoretical value. This low value was not wholly unexf>ected 
as the maximum Kr0 was not actually established (being expressed at a 
glucose concentration between 300-1000 mg/1 not measured) and a Kr0 of 34.9 
pm/h which is necessary to make
Krjnax = 100%
Krtmax
may well have occurred at a glucose concentration between 300 and 1000 mg/1. 
Determination of the Half Saturation Constant Ks
Assuming p = Kr is valid, Kr can be substituted into the Monod equation 
w w
Kr = Kr rnax s and Ks can be calculated. Alternatively, Ks can be derived 
w
s + Ks
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graphically using the double reciprocal plot of s, where s = glucose 
concentration, against Kr, which should yield a straight line with the 
intercept on the x-axis equal to -1/Ks. This plot for T. terrestris is 
shown in Fig. 49 and the half saturation constant derived from it is 45.4 
mg/1.
This figure for Ks is very high, indicating that T. terrestris has a very 
low affinity for glucose, indeed, the value obtained for Xs_ terrestris/ 
using the solid medium technique, was very similar to that obtained for iu. 
laccata derived from chemostat measurements.
Overall, there seems little doubt that these two species do have affinities 
for glucose at least an order of magnitude lower than in most other 
microorganisms which have been studied (see Table 2*0.
Ill DETERMINATION OF Kr AND W UNDER PHOSPHATE LIMITING CONDITIONS
In general, the derivation of Kr values under phosphate-limiting conditions 
was more prone to error than when the limiting substrate was glucose. This 
was because the ubiquitous nature of phosphate precludes its total
i
elimination from gelling compounds, such as agar, and, moreover, the 
concentrations of phosphate which are able to sustain growth, appear to be 
at least an order of magnitude lower than for glucose.
Growth of T. Terrestris on Solid Media Under Phosphate-Limiting Conditions 
Radial Growth
As Figs. 45 and 46 show (representative example) there was no discernible 
exponential phase in any of the phosphate-limited experiments, growth being 
linear throughout. It is probable that an exponential phase did occur, but 
■ was of insufficient duration to be detected, especially as measurements were 
only made at 2-3 day intervals.
The relationship between Kr and phosphate concentration (log^) is shown in 
Table 35 and Fig. 48, where it appears to be exponential in nature, which is 
in contrast to the linear relationship found for glucose. The reason for 
this difference is. not known. It will also be observed from Fig. 48 that
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TABLE 35. THE EFFECT OF LIMITING CONCENTRATIONS OF PHOSPHATE
ON THE RADIAL GROWTH RATE OF T. TERRESTRIS
PHOSPHATE
CONCENTRATION
yg/i
No. OF 
REPLICATES
OBSERVED 
RADIAL GROWTH 
RATE, Kr0j 
ym/hr
$TAW£>AY2 0 E&ILoZ 
O F  
ioM
CO E-EE 'C-i tMT
juv*/h-
1/P04 CONC. 1/Kr0 . 
ym/1
0 9 0.71 0.17 - 1.41
10 11 19.2 0.83 100 0.052
20 12 3.84 0.45 50 0.26
40 12 4.1 0.83 25 0.224
80 12 5.55 0.75 12.5 0.22
160 11 7.6 1.0 6.25 0.013
320 10 14.12 0.96 3.12 0.071
640 10 11.3 0.71 1.56 0.088
1280 12 10.7 0.5 0.78 0.093
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TABLE 36. THE DERIVATION OF THE PERIPHERAL GROWTH ZONE 
OF T. TERRESTRIS GROWN ON PHOSPHATE LIMITED MEDIA
PHOSPHATE
CONCENTRATION
yg/i
LENGTH OF 
CUT HYPHAE 
ym
REPLICATES
RATE OF 
EXTENSION OF 
CUT HYPHAE 
ym/h
RATE OF EXTENSION 
OF UNCUT HYPHAE 
ym/h
RANGE OF 
GROWTH OF 
UNCUT HYPHAE 
ym/h
HYPEAL CUTS 
WITH SAME 
RATE OF 
EXTENSION 
AS CONTROL 
| im
PERIPHERAL 
GROWTH 
ZONE (RANGE) 
ym
MEDIAN
ym
REPLICATES MEAN
1128 4.85 4.55
1543 4.9 4.0 1128
20 1320 6.25 4.05 4.52 4.0-5.2 1543 757-900 823
990 5.95 4.8 1320
757 2.85 5.2 900
457 2.6
857 3.7
1657 5.85 4.8
1257 5.65 5.3 1657
40 248 0 4.7 5.22 4.7-6.12 1257 914-1257 1085
914 4.25 6.12 2671
2671 6.0 5.2
714 3.05
7.1
714.4 4.7 5.81
1114.4 7.3 7.8
685.6 3.25 6.4 1114
80 571.6 1.74 3.48 6.3 3.48-7.8 1372 800-J114 957
800 4.49 6.73 1200
1200 7.09 7.05 1050
1372 7.65 6.4
1050 5.6 6.8
5.4
1174 7.5 8.16
1400 8.4 7.9
,
160 2043 8.7 8.65 7.9 7.35-8.65 740-1174 957
228 0.5 7.65
443 1.8 7.35
740 4.9
980 9.55 7.3
886 6.25 7.3
457 3.5 8.25 980
320 686 2.8 6.7 7.06 6.35-8.25 1234 886-980 933
486 2.19 6.35 1126
286 10.2 6.5
1234 7.8 7.0
1126
oa
O’
•rHCn
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only negligible growth occurred at "zero" concentrations of phosphate 
compared to the maximum observed Kr which occurred at 320 jog /1 . This was 
encouraging as it indicated that the observed Kr were as close to the 
absolute values as the experimental method allowed.
Peripheral Growth Zone
The results of the peripheral growth zone determinations are shown in Table 
36. The procedure used to derive the length of the zone was the same as for 
glucose and, as can be seen, the value of w was again found to be 
approximately constant at 950 y m throughout the range of phosphate 
concentrations studied.
Thus, the validity of the relationship Kr = jjw can again be assessed by 
comparing Kr^ against the observed value of Kr. As can be seen from Table 
40, Kr0max gave a valued which was 76.5% of the theoretical figure which, 
considering the inaccuracies of the methods used, is probably a satisfactory 
correlation and is within the range of error found by Trinci (1971) when he 
calculated KR0 for a number of fungal species.T5T
Determination of the Half Saturation Constant Ks
A double reciprocal plot of Kr against phosphate concentration is shown in 
Fig. 50. It will be observed that a linear relationship was formed between 
phosphate concentrations of 40 and 640 ^ g/1 which, when extrapolated to its 
intercept on the x-axis yielded a Ks value of 105j/g/l (0.77 jUm). See below 
for discussion.
IV GROWTH OE L*. LACCATA ON SOLID MEDIA UNDER PHOSPHATE-LIMITING CONDITIONS 
Radial Growth Rate
The results of the radial growth rate measurements are given in Table 37 and 
are plotted against the log of phosphate concentration in Fig. 48, where it 
is immediately noticeable that there was significant growth at "zero1 
phosphate concentration (22% of maximum observed Kr), although, as can be 
seen, the growth was markedly less than that found in treatments where any 
phosphate was added to the media.
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TABLE 37. THE EFFECT OF LIMITING CONCENTRATIONS OF PHOSPHATE
ON THE RADIAL GROWTH RATE OF L. LACCATA
PHOSPHATE
CONCENTRATION
yg/i
NUMBER
OF
REPLICATES
Kr0
ym/hr
STANDARD 
ERROR OF 
REGRESSION 
ym/hr
1/PO CONC. 
Tng/l
1/Kr0ym/hr
0 10 16.8 0.62 0.0595
10 12 40.3 0.54 100 0.025
20 11 41.3 0.79 50 0.024
40 12 38.1 0.83 25 0.026
80 12 50.6 0.62 12.5 0.02
160 12 60.5 1.64 6.25 0.0165
320 12 63.6 2.41 3.13 0.0157
640 12 75.6 1.95 1.65 0.0132
1280 8 58.5 1.54 0.78 0.017
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TABLE 38. THE DERIVATION OF THE PERIPHERAL GROWTH ZONE 
OF L. LACCATA GROWN ON PHOSPHATE LIMITED MEDIA
PHOSPHATE
CONCENTRATION
Ug/l
LENGTH OF 
CUT HYPHAE 
ym
REPLICATES
RATE OF 
EXTENSION OF 
CUT HYPHAE 
ym/h
RATE OF EXTENSION 
OF UNCUT HYPHAE 
ym/h
REPLICATES MEAN
RANGE OF 
GROWTH OF 
UNCUT HYPHAE 
ym/h
HYPHAL CUTS 
WITH SAME 
RATE OF 
EXTENSION 
AS CONTROL 
ym
PERIPHERAL 
GROWTH 
ZONE (RANGE) 
ym
MEDIAN
ym
3428 40.8 36.3
2428 34.02 35.7 3428
10 1771 30.6 32.3 34.4 32.3-36.3 2428 1771-2071 1921
2071 36.0 33.2 2071
785 11.9
1890 34.5 36.6
20 3200 32.7 37.2 35.5 31.5-37.2 1890 1640-1890 1765
1640 35.64 36.7 3200
23.7 31.5
1357 28.9
378 13.1 41.2
314 9.9 42.6
40 857 19.2 38.5 41.04 38.5-42.6 1985 1800-1985 1892
428 12.3 44.9 2214
1985 39.1 38.0
1800 29.7
2214 44.2
78 0 72.3
375 4.5 76.4
320 1637 37.5 56.0 71.04 56.0-87.0 2490 1637-2490 2063
2490 58.4 63.5 3370
3370 63.1 87.0
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1/Kr
J im /h
1.2
1.0
0.8
0.6
0.4
0.2
-30 -20 -10 30 40 5020 100100
1/s *v.g/I
DOUBLE RECIPROCAL PLOT OF PHOSPHATE CONCENTRATION 
AGAINST KRn FOR L. LACCATA GROWN IN PHOSPHATE LIMITED CONDITIONS
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Unexpectedly, there was little observable difference in the growth rates at
phosphate concentrations between 10 and 40pg/l. The reason for this is not 
clear, although it was probably caused once again by the insensitivity of
the solid media technique at very low phosphate concentrations.
From 40 to 360pg/l, however, the Kr increased concomitantly with phosphate 
concentration and it is from this range that the double reciprocal plot (see 
below) was derived.
Peripheral Growth Zone
Measurements of the peripheral growth zone of L,. laccata at different 
limiting phosphate concentrations were made in the same way as for T. 
terrestris and the results are shown in Table 38. It will again be observed 
that w did not vary significantly between phosphate concentrations of 10(Jg 
and 320 pg/1, and for the purpose of calculation, it will be assumed to 
have a constant value of 1910 pm.
Thus, the validity of the expression K^= pw was again assessed by comparing 
Kr0 with Kr^ as was done for T. terrestris. As Table 40 shows, KrQmax was 
128% of the Kr^max and it is suggested that this is again a satisfactory 
correlation considering the limitations of the technique.
Determination of the Half Saturation Constant Ks
A double reciprocal plot of Kr against, phosphate concentration is shown in 
Fig. 9 where the derived Ks value is 44pg/l phosphate as KH2PO4, which 
yields a Ks for PO4 of 0.323pM. This value is considerately lower than that 
found for Tj. terrestris indicating that L*. laccata has a higher affinity for 
phosphate. Both species, however, have Ks values in the same order of 
magnitude as most other microorganisms which have been studied (see Tabled).
V GROWTH OF PENICILLIUM CHRYSOGENUM ON SOLID MEDIA UNDER PHOSPHATE-LIMITING 
CONDITIONS
Radial Growth Zone
The results of the radial growth rate measurements are given in Table 39 and 
plotted against phosphate concentration in Fig. 48, where it is immediately
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noticeable that there was considerable growth at nzeroM phosphate 
concentrations (57.7% of maximum observed Kr).
Assuming that the media used in this experiment contained the same amount of 
contaminating phosphate as in previous ones, the high Kr at the "zero" 
phosphate level could have been caused either by the inoculum being 
insufficiently starved of phosphate, or by chrvsogenum being genuinely 
able to utilise the very small amounts (if any) present in the media, 
indicating an extremely high affinity for phosphate.
The first of these explanations seems more likely as it will be observed 
from Fig. 48 that the Kr declines markedly during the experiment at ’’zero1' 
concentrations of phosphate, a phenomenon which did not occur at 
concentrations above 20 pg/1 where linearity of growth was maintained 
throughout.
Peripheral Growth Zone
No measurements of the peripheral growth zone of chrvsogenum were made 
and, hence, it is not known whether w was constant with different 
concentrations of limiting phosphate.
An estimation of the magnitude, though not the constancy, of w can be made 
by assuming that the relationship Kr = pw is valid. If this is assumed, the 
resultant value of w is 317pm (see Table 40), which is in the same order of 
magnitude as the value of 496-84 found by Trinci (1971) for JP*_ chrvsogenum 
growing on glucose limited media.
Determination of the Half Saturation Constant Ks
In this instance, due to the constancy of w not being established the 
derivation of Ks from measurements of Kr must be treated with some caution. 
However, for the purpose of this study it will be assumed that w was 
constant, an assertion substantiated to some extent by the fact that it was 
found to be constant for £ l terrestris and Ljl laccata.
Thus, a double reciprocal plot of Kr against phosphate concentration is 
shown in Fig. 52 where it will be observed that a linear correlation again 
occurs. The derived value of Ks is 45fJg/l phosphate as KH2P0ij> i.e. 0.33
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Fig. 52.
DOUBLE RECIPROCAL PLOT OF PHOSPHATE CONCENTRATION 
AGAINST KR0 FOR P. CHRYSOGENUM GROWN IN PHOSPHATE LIMITED CONDITIONS
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j j f i POi,. This result is very similar to that obtained for T*.Mr.rest.ris and 
L. laccata and demonstrates that P. chrvsogenum has a high affinity for 
phosphate.
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CHAPTER 17. SUMMARY OE XH£ CHEMQSTAT AND SOLID MEDIA RESULTS
DISCUSSION
A summary table of the half saturation constants obtained from this study, 
together with comparable results from other studies, is shown below (Table 
40).
PHOSPHATE
As Table 40 shows, all fungi used in this study demonstrated a very high 
affinity for phosphate, indeed, the range of Ks values which were obtained 
are in the same order of magnitude as those found for some algal species 
which are known to be adapted to severely phosphate-limiting environments.
Thus, it appears that X l. terrestris. L. laccata and P*. chrvsogenum are well 
adapted to conditions of severe phosphate limitation and would compete very 
effectively with other saprophytes in such environments.
i
Perhaps the most interesting and notable trend to emerge from the results is 
the great disparity between the phosphate affinities demonstrated by the 
ectomycorrhizal fungi compared to those shown by non-mycorrhizal plants. 
Thus, it appears that, whilst uninfected plants tend to have Ks/Km values 
between 3-10pm, ectomycorrhizal fungi have values within the range 0.1-1pm, 
indicating a very much higher affinity.
These differences assume a profound importance, considering that the normal 
soil concentrations of available phosphate is between 0.1 and 2-^ pl according 
to most sources (see Tabled. Thus, the phosphate concentration of most 
soils is below the threshold of effective uptake by non-mycorrhizal plants, 
but is most definitely within the range of a mycorrhizai root assuming that 
the fungal symbiont is active in phosphate uptake and, thence, transfer .of 
the phosphate to the host.
Indeed, Cress et al. (1979) founa that the Krn of mycorrhizai tomato roots 
(infected with enciomycorrhizal fungi) was 1.6 pM comparea to 3«9-4.2pM for 
non-mycorrhizal roots. Moreover, in this elegant piece of work, the
internal phosphate concentration of the host cells were equilibrated prior 
to the start of the experiment, thus eliminating the differential effect of 
feedback inhibition of phosphate uptake between the different treatments.
Overall, the work of Cress .et a!, suggests that the higher affinity of 
mycorrhizai roots for phosphate would make more phosphate available to these 
roots in conditions of low soil phosphate concentrations. The results of 
this study support this and further suggest that the differences in affinity 
of the plant and fungus may be much greater than Cress1 work indicates, and 
could account for a several-fold increase in the total phosphate absorbed by 
mycorrhizai compared to non-mycorrhizal roots, especially in the more 
severely phosphate-limited soils.
It should be noted that the high affinity hypothesis of enhanced phosphate 
uptake in mycorrhizai roots does not exclude the validity of the other 
theories of increased absorption. Indeed, they are complementary, as 
production of extramatrical hvphae which have a high affinity for phosphate 
uptake would result in higher total levels of absorption than each of the 
systems operating in isolation.
Moreover, the operation of both systems simultaneously overcomes a number of 
possible limitations which would put a constraint on the effectiveness of 
each individual mechanism: Consider a situation where absorption of
phosphate from soil takes place via a fungal hypha with a high affinity 
system. As the nutrient is absorbed, a depletion zone is produced around 
the hypha so that, eventually, the diffusion of phosphate from the 
surrounding soil into the depletion zone becomes the rate limiting step to 
uptake, thus making the efficiency of the uptake system irrelevant. This 
has been suggested by Daft and Nicholson (1969) and Harley and Smith (1983). 
However, as Harley correctly points out, the rate of development of the 
depletion zone will depend on the rate of uptake and, when the soil 
phosphate concentration is low, this will clearly be a function of the 
affinity of the uptake sites. Indeed, a non-mycorrhizal root may well not 
have the capacity to absorb phosphate rapidly enough for the rate of 
diffusion of the nutrient through the soil solution ever to become the rate 
limiting step. The results of this study suggest that this is a distinct 
possibility.
IHE EFFECT QF NUTRIENT LIMITATION ON THE INITIAL INFECTION 
£E .SEEDLINGS JY MYCORRHIZAL FUNGI
It is clear from Table 40 that L. laccata and T. terrestris have very low 
affinities for glucose. Indeed, there is an order of magnitude difference 
between the Ks values of these species compared to the Ks/Km values of most 
other microorganisms which have been studied (see Table 2i). This implies 
that L*. laccata and T. terrestris would be unable to compete effectively 
with most saprophytes in a glucose-limiting environment. Moreover, glucose 
has been found to be the best carbon source for the growth of these two 
species and thus, it is likely that their affinities for other carbon 
sources will be similarly low if not lower.
These results have profound implications on the nature of the mycorrhizai 
symbiosis, most notably the mechanism by which initial infection of a 
seedling takes place.
The precise nature of the events which lead up to the infection of a plant 
root by soil-borne mycorrhizai (fungal) propagules is not clear. Certainly, 
it is a common observation that the germination of vesicular arbuscular 
mycorrhizai propagules (usually spores) is greatly stimulated when a 
susceptible root is in close proximity. The germ tubes then grow towards 
the root and, once contact has been made, infection takes place.
SniTH i n ^ }
Similarly, it is widely acknowledged that these events probably take place 
as a direct result of the seedling producing root exudate which, being a 
complex mixture of sugars, amino acids, vitamins, and trace minerals, acts 
as a very good growth medium for the mycorrhizai fungi, and indeed, it has 
been established that the exudates do markedly stimulate the growth of 
mycorrhizai fungi in pure culture (Melin, 1963).
However, in the rhizosphere of the root, there are numerous organisms which 
would provide fierce competition for the nutrients contained in the exudates 
and, as the results of this study indicate, the mycorrhizai fungi would be 
generally ineffective in such an environment.
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Despite this, the mycorrhizai fungi do compete successfully in the 
rhizosphere and a variety of reasons have been proposed to explain this, 
including, antibiotic production by the fungi (Marx, 1973) and the presence 
of a specific mycorrhizai growth factor - the M-factor (Melin, 1943). 
However, ^  HcorLe«j Sw'ifeL (incorrectly state
11 none of these seems specific or even adequately selective for
mycorrhizai fungi of one sort or another to be successful against the 
general crowd of rhizosphere organisms.1
It is suggested that the results of this project provide information which 
may help to resolve this problem.
Thus, it is clear that:-
a) L* laccata and Tj_ terrestris have a very low affinity for glucose, but a 
high affinity for phosphate.
b) Most natural soils have very low available phosphate concentrations and 
it is quite feasible that phosphate is the limiting nutrient to the 
growth of a large part of the microbial population.
Presuming that a) and b) are correct, consider the situation in a soil where 
no plant is present. In this environment, the growth of the microbial 
population is likely to be limited both by phosphate and by the availability 
of utilizable carbon sources.
However, if a seed germinates in this environment, the seedling will soon 
become phosphate-limited, but, due to photosynthesis, will be carbon 
sufficient and will actually exude sugars into the soil. Hence, the carbon 
limitation in the rhizosphere will be alleviated and the growth and 
development of the rhizosphere community will depend on the adaption of the 
population to phosphate limitation and, due to the presence of sugars, this 
will become necessarily severe. As this study shows, ectomycorrhizal fungi 
appear to be able to compete very successfully in such an environment.
Consequently, growth of the ectomycorrhizal hyphae towards the root surface 
would occur and infection could take place. Indeed, the low affinity for 
glucose exhibited by ectomycorrhizal fungi may reflect the intimate nature
of the relationship between hyphae and root being such that simple sugars 
are always in abundant supply, resulting in a high affinity (scavenging) 
uptake system being unnecessary.
The hypotheses presented above offer an attractive explanation to some 
problems of the mycorrhizai symbiosis which have defied elucidation despite 
much research.
However, they are unconfirmed theories and it is hoped that they will 
provide impetus to further research in this very interesting, but seemingly 
intractible, area.
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